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Introduction
1 Introduction
1.1 Structure of synapses
Synapses, a term originally introduced by the physiologist Charles Sherrington in his fa-
mous textbook from 1897, are the contact sites between neurons in the central nervous
system (CNS) and represent the key elements for synaptic transmission and plasticity
within a given connection and are therefore important for the communication, integra-
tion, and further processing of sensory information in a neuronal network. In general,
chemical synapses are composed of the same structural components, namely the pre- and
postsynaptic element, separated by a synaptic cleft of various diameter which together
form the so-called active zone (AZ) at the pre- and postsynaptic apposition zone. The
presynaptic element, e.g. an axonal end terminal or an en passant bouton contains most
importantly synaptic vesicles filled with a given excitatory or inhibitory neurotransmitter,
large dense core vesicles, mitochondria, and the endoplasmic reticulum. In presence of a
physiological stimulus, e.g. an action potential (AP) the presynaptic membrane is depo-
larized and vesicles fuse with the presynaptic membrane and release the neurotransmitter
from the AZs converting the electrical into a chemical signal. The synaptic cleft is the
space between the pre- and postsynaptic element with a cleft widths of ~20-30 nm. In
apposition to the presynaptic element the neurotransmitter docks to appropriate recep-
tors on the postsynaptic element of the connected neuron. The site where the majority
of the neurotransmitter docks to its receptors is called postsynaptic density (PSD), a
highly-organized region at the postsynaptic membrane (for review, see Südhof and Starke
[2008]; MacGillavry et al. [2011]).
To understand the functional signal cascades underlying synaptic transmission and plas-
ticity and thereby the function of synapses, the knowledge of their detailed structural com-
position is of great importance. The only possible way to reveal the structural subelements
of synapses in such great detail is high-end electron microscopy based on serial ultrathin
sections and subsequent 3D reconstructions of synapses and their target structures. This
approach allows the subcellular resolution of structural subelements that provides impor-
tant constrains for Monte Carlo and / or numerical simulations of various parameters of
the signal cascades underlying synaptic transmission and plasticity some of which are still
inaccessible to experiment. Exact values for synaptic components like e.g. the size and
organization of the synaptic vesicle pools and the density, size, and distribution of the
AZs critically determines synaptic strength, reliability, and the modulation of the sensory
signals. Although synapses contain nearly the same principal structural components, it
is the individual build-up (composition) and arrangement (placement) of these structural
subelements that underlie the specific and individual behavior of a synapse embedded in
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a given network. Therefore, synapses have their unique “identity”, although it was always
the aim to generate and compute a “common” model synapse as exemplified at the calyx
of Held – principal neuron synapse in the medial nucleus of the trapezoid body (Sätzler
et al. [2002]). However, this view turned out to be unrealistic since this synapse is rather
an exception than the role (reviewed by Rollenhagen et al. [2007]; Rollenhagen and Lübke
[2010]). Synapses are highly specialized structures and perfectly adapted to their envi-
ronment. Therefore, realistic and quantitative morphological descriptions for individual
synapses embedded in different microcircuits of the brain are essential to understand the
underlying mechanisms that drive synaptic transmission and plasticity and may help to
explain the “differential behavior” of individual synapses.
Although modern state-of-the-art technology such as different high-end light- and fluo-
rescent microscopy together with molecular techniques has been successfully introduced
to investigate structural and functional aspects of synaptic function rather little is known
about their quantitative geometry. To date, there are only a few synapses described
in great structural detail such as the calyx of Held (Sätzler et al. [2002]; Hoffpauir et al.
[2006]; Wimmer et al. [2006]), the cerebellar mossy fiber (Xu-Friedman and Regehr [2003]),
the cochlear bushy cell synapse (Nicol and Walmsley [2002]), the hippocampal mossy fiber
bouton (Harris and Stevens [1989]; Harris and Sultan [1995]; Rollenhagen et al. [2007]),
synapses in the dentate gyrus (Sorra and Harris [1993]; Spacek and Harris [1998]; Mar-
rone et al. [2005]), area CA1 synapses (Schikorski and Stevens [1997]) and the ribbon
synapse in the retina (Sikora et al. [2005]). Although the neocortex is of extraordinary
importance for signal processing and integration of higher-order functions, at present, no
detailed structural description of neocortical synapses is available. Therefore, the present
study provides for the first time the quantitative geometry of a neocortical synapse and
its target structure based on serial ultrathin sections and subsequent computer-assisted
3D reconstruction of electron microscopic digital images. The findings not only add new
important information to the structural geometry of synapses, but will also help to under-
stand the behavior of individual synapses embedded in different neuronal microcircuits in
the normal and pathologically altered brain.
1.1.1 The somatosensory cortex of rodents
One striking feature of the mammalian neocortex is the arrangement in structurally and
functionally distinct cortical regions and a uniform laminar structure that is divided into
six layers between the pial surface and the white matter. Another unique characteristic
of the neocortex is its organization into vertically-oriented slabs composed of a network of
~10.000-15.000 neurons, building blocks that form so-called cortical columns (Mountcastle
[1957]; Mountcastle and Powell [1959]; Hubel and Wiesel [1962]). In sensory cortices the
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neuronal network in these columns are the cellular targets for sensory perception in the
brain. The so-called “barrel field” of the rodent somatosensory cortex (SSC) is, beside the
visual areas, the structurally and functionally most extensively studied brain region since
here, these columns are clearly anatomically visible as barrels in layer 4 (L4). Neurons,
in particular those in L4, in the barrel field process sensory information arriving from the
mysticial vibrissae and topographically represent the whisker pad (Woolsey and Van der
Loos [1970]; Welker [1976]). Neurons within a barrel correspond to individual whiskers
located on the contralateral snout of the animal and respond robustly to the deflection of
the same principal whisker. Single barrels are separated from each other by thin so-called
septa.
1.1.2 Signaling pathway to the barrel cortex
Tactical vibrissae information about the environment derived through the deflection of the
whiskers is transduced by mechanoreceptors and projected to neurons in the brainstem,
mainly the spinal and principal trigeminal nuclei. From the principal sensory trigeminal
nucleus the signal is transducted to two relay nuclei; the thalamic ventroposteromedial
nucleus (VPM) via the lemniscal pathway and the paralemniscal pathway that originates
from the spinal trigeminal nucleus and projects to the medial part of the posterior nucleus
(POm) (Erzurumlu et al. [1980]; Chiaia et al. [1991a]; Chiaia et al. [1991b]; Diamond et al.
[1992]; Ahissar et al. [2000]; Veinante et al. [2000]).
Neurons from the different thalamic relay nuclei provide feed-forward signaling to distinct
regions in L4 of the barrel field. The extralemniscal pathway ascends from neurons in the
caudal part of the interpolar trigeminal nuclei and projects to neurons in the ventrolateral
domain of the VPM. Recently, Urbain and Deschenes [2007] found a fourth pathway origi-
nating from the principal trigeminal nuclei and projecting to barreloids in the dorsomedial
section of the VPM. The majority of the thalamocortical signals terminate on excitatory
neurons, namely spiny stellate and star pyramidal neurons in L4 (White and Rock [1981];
White et al. [1984]; Benshalom and White [1986]). L4 of the barrel cortex or any sensory
cortex is therefore the main input station for afferent signals from the periphery via their
specific thalamic relay nuclei (Hubel and Wiesel [1962]; McGuire et al. [1984]). As the
first neocortical target for peripheral sensory information neurons in L4 are of extraordi-
nary importance within the cortical column and the knowledge about their quantitative
geometry is crucial for the understanding of sensory signal processing. The present study
reveals for the first time a detailed morphological description of L4 synapses.
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1.1.3 Classification and structure of excitatory neurons in L4 of the barrel cortex
Excitatory neurons in L4 are divided into three subclasses, namely spiny stellate (58%),
star pyramidal (25%) and pyramidal neurons (17%), the latter two are usually pooled
(Jones and Powell [1970]; Staiger et al. [2004]).
Spiny stellate neurons are the most numerous excitatory neurons in L4 and represent the
cellular targets for most sensory afferents from the periphery. Their asymmetric dendritic
aborization possess three to six primary dendrites that give rise to many higher-order
dendrites which are densely covered with spines. Their axonal collaterals project to all
layers of the cortical column predominantly to neurons in L4 and L2/3 (figure 1.1)(Lübke
et al. [2000]. Spiny stellate neurons are most abundant at the border of individual barrels
where they form cluster-like arrangements. Their asymmetric dendritic trees are mainly
restricted to L4 of the “home column” in which their somata are located and their axonal
projections are also mainly confined to their home column but span all cortical layers and
overlap suggesting a subcolumnar organization (Lübke et al. [2000]; Staiger et al. [2004];
Egger et al. [2008]).
One of the key features of spiny stellate neurons is the high density of spines. Spines are
heterogeneous in their morphology and classified into pedunculated (thin and fungiform)
or stubby and sessile (Jones and Powell [1969]; Peters and Kaiserman-Abramof [1970];
summarized by Fiala et al. [2008]).
Most projections arising from neurons within a barrel produce terminals in the home col-
umn or reach the immediate neighboring column. On the contrary, projections originating
from septal neurons are longer-ranged and terminate in septa two to three barrels away
from the home column or produce corticocortical projections to the secondary SSC (Kim
and Ebner [1999]).
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Figure 1.1: A, Light microscopic image of a synaptically coupled pair of L4 spiny stellate neurons in-
tracellularly filled with biocytin. Black arrow indicates the presynaptic cell; the red arrow marks the
postsynaptic cell. B-E, putative, light-microscopically identified synaptic contacts between the two neu-
rons shown in A shown at a higher magnification. Synaptic boutons are highlighted by the circled area,
the arrows mark the en passant axons. F, Camera lucida reconstruction of a pair of synaptically-coupled
neurons. For better illustration the pre (left)- and postsynaptic (right) neuron were separated. The
dendritic tree of both neurons is drawn in red and black; the axonal arbour is drawn in blue and green,
respectively. The grey shading in the background indicates the barrel structure. Scale bar in A and F,
100 µm; in B-E, 10 µm. (A-E modified from Feldmeyer et al. [1999]; F from Lübke et al. [2000])
1.2 Functional properties of L4 spiny neurons
L4 spiny neurons are the cortical input neurons that amplify and relay incoming excita-
tion from the periphery. The physiological properties of L4 excitatory neurons are unique
among all cortical neurons and demonstrate their extraordinary position. Connections
between synaptically-coupled pairs of spiny neurons in L4 are highly reliable as indicated
by their low coefficient of variation (CV) and their low failure rate of unitary excita-
tory postsynaptic potentials (uEPSPs) and their low failure rate in synaptic transmission
(Feldmeyer et al. [1999]; reviewed by Lübke and Feldmeyer [2007]). In addition, excitatory
uEPSPs are mainly mediated by both alpha-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA)- and N-methyl-D-aspartate (NMDA)-receptors with a string NMDA-
receptor component contributing to ~30% to the overall uEPSP amplitude. Therefore,
the thalamocortical signal is amplified by these intralaminar connections before it is pro-
jected to pyramidal neurons in other layers such as supragranular L2/3 and to a lesser
13
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extent to L6 (Hersch and White [1981]).
One major aim of the present study is the question whether there are structural correlates
that could explain the high reliability and the low failure rate of the connection between
L4 excitatory neurons. A detailed knowledge about their structural synaptic composition
might contribute and explain why these neurons have these exceptional physiological
properties. Can the morphological description of L4 synapses help to understand synaptic
transmission and plasticity at these synapses? Or in short: can structure explain function?
The quantitative geometry of L4 input synapses presented in this study provides realistic
values for e.g. the size and density of synaptic boutons, the size and organization of
the synaptic pool of vesicles, the number and volume of mitochondria, and the size of the
AZs, which represent and define structural determinants underlying synaptic transmission
and plasticity at these synapses. In addition, to directly combine structural with func-
tional properties of these neurons input synapses terminating on electrophysiologically-
characterized and biocytin-filled L4 spiny stellate neurons were analyzed and 3D recon-
structed in the present study.
1.3 Classification of synapses
In the past cortical synapses were classified into Gray type I or asymmetric, which are pre-
dominantly excitatory and inhibitory Gray type II or symmetric synapses ( Gray [1959];
Colonnier [1968]). In general, asymmetric excitatory synapses have larger and round vesi-
cles and are found predominantly on dendritic spines and to a lesser extent on dendritic
shafts. They often have a wider synaptic cleft and more electron dense material on the
PSD than symmetric inhibitory synapses. On the contrary, type II synapses terminate
on dendritic shafts, neuronal cell bodies, and even the axon initial segment. The ratio
between symmetric (inhibitory) and asymmetric (excitatory) synapses in the neocortex
is around 1:5 (Beaulieu et al. [1992]). However, a more detailed description of the bal-
ance between excitatory versus inhibitory input on neurons in individual cortical layers is
still not known, but would give further insight into signal processing within the cortical
column. Furthermore, the classification of synapses according to criteria originally intro-
duced by Gray is not unambiguously. Therefore, an unequivocal immunohistochemical
characterization of synapses, e.g. by using antibodies against the main inhibitory neu-
rotransmitter GABA is required to estimate the ratio of inhibition and excitation in the
neocortex.
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1.4 Structure and function of astrocytes
Neuroglia are non-neuronal cells that represent the most numerous population in the
mammalian nervous system and were first described as connective tissue by Virchow in
1846. There are two classes of glia in the CNS namely the macroglia class consisting
of astrocytes, oligodendrocytes, ependymal cells, and radial glial cells and the microglia
class that has a macrophage-like function.
The role of macroglia in providing structural, trophic, and metabolic support to neurons
is well-established (for review, see Zhang and Barres [2010]). However, in the last two
decades there is growing evidence for an interaction and reciprocal communication be-
tween glial cells and neurons. In particular, astrocytes are found as candidates for strong
glia-neuronal interactions.
Mature astrocytes have a complex morphology and possess ~1.000 – 10.000 highly ar-
borized and ramified processes that display the typical polarized organization of these
cells. Only a few processes contact CNS boundaries like capillaries whereas the majority
of these highly branched filopodia- and lamellipodia-like terminals enwrap synapses. As-
trocytes are organized as a syncytium of up to 100 cells and signal with neurons and glia
cells in a Ca2+-dependent manner via gap junctions (Massa and Mugnaini [1982]). Studies
showed that perisynaptic glia cells such as astrocytes in the CNS responded to release of
neurotransmitter by an increase in their intracellular Ca2+-level and can elicit responses
in neurons (Cornell-Bell et al. [1990]; Charles et al. [1991]; , for review, see Verkhratsky
and Kettenmann [1996]; Volterra and Meldolesi [2005]). Astrocytes possess several types
of neurotransmitter receptors that enable the cells to receive chemical signals from their
environment and in turn, leads to a release of various types of gliotransmitter which all
predominantly target neuronal extrasynaptic receptors (for review, see Bezzi and Volterra
[2001]).
Astrocytes are part of the neuropil and involved in the modulation of neuronal activity
and synaptic transmission. This led to the model of a “tripartite synapse” presenting
astrocytes as key players involved in regulating synaptic transmission between the pre-
and postsynaptic neuron (Luse [1956]; Schultz et al. [1957]; Araque et al. [1999]). In
the tripartite synapse astrocytes can actively take-up released neurotransmitter, termi-
nate synaptic signaling, and prevent transmitter spill-over among neighboring synapses.
In summary, astrocytes are likely to play a major role in synaptic transmission and the
modulation of neuronal signaling. However, there are markedly differences in astrocytic
occupancy of synapses and as a consequence the degree of astrocytic modulation between
different brain regions. In the mossy fiber bouton of the hippocampus astrocytes enwrap
and therefore isolate postsynaptic compartments from the neuropil, but fine glial processes
are not present at the spiny excrescences (Rollenhagen et al. [2007]). Astrocytes in cere-
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bellar mossy fiber terminals are absent from the PSDs, but synapses in cerebellar climbing
fibers are almost all ensheated by glial fingers (Xu-Friedman et al. [2001]). It is therefore
of importance to study the structural relationship between neurons and astrocytes, espe-
cially at the synaptic site, which might help to explain the impact of astrocytic function on
synaptic signaling and modulation within a given synapse. Here, the relationship between
astrocytes and input synapses of L4 dendrites was investigated with 3D reconstructions
of conventionally embedded material with pre-embedding immunohistochemical labeling
of astrocytes and their processes.
1.5 Glutamate receptor ion channels
Another key determinant for synaptic transmission and plasticity is the abundance and
synaptic distribution of neurotransmitter receptors, in particular the ionotropic gluta-
mate receptors (iGluRs). The ligand-gated ion channel subfamily of iGluRs is formed
by a homo- or hetero-tetrameric arrangement of integral membrane protein subunits.
iGluRs can be pharmacologically distinguished by their affinities to their selective ago-
nists AMPA, NMDA, and kainate. Receptor activation leads to a conformational change
and the opening of the receptor. iGluRs allow the flow of monovalent cations down their
electrochemical gradient, but exhibit differential permeabilities for divalent cations. All
three families contain multiple subunits that can co-assemble within one family. iGluRs
are ubiquitously present on neurons and glia cells of the CNS. In general iGluRs play a
key role in excitatory signaling in the brain and underpin synaptic plasticity associated
with the ability to learn and memorize. Dysfunction in iGluR signaling is believed to
be involved in the pathophysiology of many diseases like schizophrenia and other mental
retardations.
1.5.1 Structure, function, and distribution of AMPA- and NMDA-receptors
The AMPA-receptor is composed of homo- or hetero-tetramers of the four different sub-
units named GluR1, GluR2, GluR3, and GluR4 (also called GluRA-D) (Borges and
Dingledine [1998]; Dingledine et al. [1999]). Each subunit contains an extracellular N-
terminus, an intracellular C-terminus, and four hydrophobic transmembrane domains.
The AMPA-receptor is a cation channel permeable to monovalent cations such as Na+
and K+. Only AMPA-receptors that lack the GluR2 subunit allow Ca2+-flow, thus the
GluR2 subunit dominates key functional attributes of the receptor (Hollmann et al. [1991];
Jonas and Burnashev [1995]).
The NMDA-receptor is a hetero-tetramer consisting of an essential NR1-subunit and
multiple NR2 (NR2A-D)-subunits, and in some rare cases also the NR3 (NR3A and
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NR3B)-subunit. For the receptor activation a co-agonism by glycine or D-serine binding
to the NR1-subunit and glutamate which binds to the NR2-subunits is required (Johnson
and Ascher [1987]; Mothet et al. [2000]). In the resting state the NMDA-receptor is
blocked by Mg2+; that diminishes during membrane depolarization (Nowak et al. [1984]).
The NMDA-receptor acts as a coincidence detector, monitoring changes in membrane
potential and the presence of glutamate in the synaptic cleft (Collingridge and Bliss
[1995]). All NMDA-receptors are permeable to monovalent cations and allow Ca2+-flux.
AMPA-receptors mediate the majority of fast excitatory synaptic transmission and display
rapid kinetics including an activation, deactivation, and desensitization of the receptor in
the range of milliseconds, whereas the NMDA-receptor shows slower kinetics (Dingledine
et al. [1999]; Erreger et al. [2004]).
AMPA-receptors are present in the complete mammalian CNS, but their distribution
shows major regional, cellular, and subcellular differences. Immunohistochemical ap-
proaches on ultrathin sections of the rat neocortex revealed that in general the AMPA-
receptor was most abundant in L1-3, and L5, but showed only low immunoreactivity
in L4 (Martin et al. [1993]). At the subcellular level AMPA-receptors in the neocortex
and other brain regions are predominantly abundant at the postsynaptic plasma mem-
brane and PSDs of dendritic shafts and spines with the highest density at asymmetric
axospinous synapses (; Vissavajjhala et al. [1996]; Kharazia and Weinberg [1997]).
The NR1-subunit of the NMDA-receptor is distributed ubiquitously throughout the brain
with only slight differences with regard to cortical region or layer, whereas the NR2-
subunits display huge difference in their expression pattern (table 1.1)(Monyer et al.
[1994]; Petralia et al. [1994]). On the subcellular level intense NR1-immunoreactivity was
observed in the soma, the apical, and to a lesser extent the basilar dendrites of the vast
majority of excitatory neurons in the neocortex with the highest density at the postynaptic
plasma membrane (Huntley et al. [1994]). Many neocortical synapses are positive for both,
AMPA- and NMDA-receptors, from which the vast majority are axospinous rather than
axodendritic synapses (Kharazia et al. [1996]).
Accordingly, electrophysiological findings revealed that the postsynaptic glutamate re-
ceptors at L4 spiny neurons were of the AMPA- and NMDA-type and largely contribute
to the EPSP (Feldmeyer et al. [1999]). The NMDA-receptor component of the EPSP
exceeds that of the AMPA-receptor, suggesting differences in the synaptic distribution
of both receptors. In all past morphological and functional studies, the synaptic pres-
ence of AMPA- and NMDA-receptors at L4 spiny neurons was unambiguously reported.
However, a detailed distribution profile in form of so-called “receptor fingerprints” for
individual synapses of the AMPA- and NMDA-receptor at L4 shaft and spine synapses
remains to be elucidated. Furthermore, electrophysiological findings revealed that the
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efficacy of synaptic transmission was heterogeneous and modulated by synaptic activity
at the level of single synapses (Dobrunz and Stevens [1997]; Nusser et al. [2001]; Mat-
suzaki et al. [2004]). Therefore, only the exact knowledge of the subcellular distribution,
density, and co-localization of both, the AMPA- and NMDA-receptor and their subunits
at single synapses lead to a better understanding of their involvement in the synaptic
transmission and plasticity. This synaptic fingerprint of both glutamate receptors might
help to make a comparison between structural and functional findings at the molecular
basis. It might then help to further understand and explain the physiological properties
of L4 spiny stellate neurons e.g. their high reliability and low failure rate. However, the
classical immunohistochemical approach on ultrathin sections does not allow to unequiv-
ocally describe the density and distribution pattern of neurotransmitter receptors due
to technical limitations. Therefore, in the present study immunohistochemistry on so-
called freeze fracture replica (FFR) was established for neocortical synapses and provides
the first detailed description of the AMPA- and NMDA-receptor distribution at these
synapses.
Table 1.1: Location and expression onset of the mRNA of the four NR2-subunits (NR2A-D) in the rat as
described by Monyer et al. [1994]
NR2 subunit Location of the NR2
subunit mRNA
Expression onset
NR2A wide distribution in the
brain, predominantly:
cortex, hippocampus,
cerebellum
birth
NR2B forebrain, cortex, putamen,
caudatum, hippocampus,
septum, olfactory bulb
embryonic day 14
NR2C granular cell laver of the
cerebellum, olfactory bulb,
thalamus
birth
NR2D thalamus, brain stem,
olfactory bulb
embryonic day14
18
Introduction
1.6 Pathophysiology of schizophrenia –study in a mouse model-
Alterations of the ultrastructural organization of neurons, and synapses in particular, are
likely to play a major role in the pathophysiology of many neurological and mental dis-
eases. A better understanding of the quantitative geometry of synapses in healthy subjects
is essential to reveal structural synaptic abnormalities in patients with e.g. neurodegen-
erative and neuropsychiatric diseases. As a consequence, the knowledge about structural
abnormalities occurring e.g. in schizophrenia might help to improve our understanding of
pathophysiological mechanisms leading to these diseases.
In line with this, there is evidence that brains of schizophrenic patients, similar to other
neurological and neurodegenerative diseases, develop structural as well as functional ab-
normalities (for review, see Gold and Weinberger [1995]). Several studies suggested a
dysregulation of NMDA-receptor function and glutamatergic pathways in the pathophys-
iology of schizophrenia (for review, see Goff and Coyle [2001]; Coyle [2006]). Furthermore,
NMDA-receptor antagonists such as MK-801, phencyclidine and ketamine, producing a
glutamate hypofunction, provoke a syndrome in normal individuals that closely resembles
the clinical presentation of schizophrenia (Javitt and Zukin [1991]). The study of abnor-
malities in the subcellular distribution, density, and co-localization of the NMDA-receptor
is required to understand the altered glutamate neurotransmission in the schizophrenia;
however, they are at present still rather unknown.
To translate genetic association studies and schizophrenia into major advances in di-
agnosis and treatment for patients, animal models are developed in which the precise
mechanistic roles of these genes in schizophrenia can be studied. The complexity of the
disease cannot be fully recapitulated in a mouse. However, specific symptom categories
can be behaviorally modeled in a mouse and tests of behavioral endophenotypes relevant
to schizophrenia are now well-established in the mouse (Powell and Miyakawa [2006];
Arguello et al. [2010]; van den Buuse [2010]).
To model the effects of constitutively reduced NMDA-receptor signaling a line of NR1neo-/-
mice which express only about 12% of the obligatory NR1-subunit was used in the present
study (Mohn et al. [1999]). These mice show major abnormalities in social behavior, which
are expressed by social withdrawal and reduced nest building. Furthermore, NR1neo-/-
mice display decreased anxiety-related behavioral inhibition, cognitive dysfunction, and
have electrophysiological abnormalities such as alterations in inter- and intrastructurcal
phase signaling (Mohn et al. [1999]; Dzirasa et al. [2009]; Halene et al. [2009]). In order
to understand the mechanism underlying the behavioral abnormalities in NR1neo-/- mice
pharmacological treatment targeting distinct neurotransmitter system is needed. Further-
more, the present pharmacological study gains insight in the treatment effect of different
drug subclasses with regard to the negative symptoms of schizophrenia that are mostly
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resistant to conventional medication.
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2 Aim of the study
Over the last decade our knowledge about structural and functional properties of intra-
and translaminar synaptic connections of L4 neurons of the SSC has steadily increased.
In contrast, relatively little is known about the structure of cortical synapses terminat-
ing on L4 excitatory neurons, in particular their quantitative geometry. However, for
a much better understanding of the signal cascades underlying synaptic transmission a
quantitative morphological analysis of the pre- and postsynaptic structures is a necessary
pre-requisite. In particular, realistic values of the number, geometry, and distribution of
AZs together with the size and organization of the pool of synaptic vesicles provide im-
portant constraints for realistic models and numerical simulations of those parameters of
synaptic transmission that, at present, are still inaccessible to experiment. In the present
study ultrastructural factors underlying the unique functional properties of L4 excita-
tory and inhibitory synapses were determined by examining their complete quantitative
geometry.
Astrocytes are believed to be involved in cortical synaptic transmission by actively tak-
ing up spilled neurotransmitter and isolating synapses from their environment to pre-
vent synaptic crosstalk. The role of astrocytes at synapses of L4 excitatory neurons
was structurally analyzed using pre-embedding immunohistochemistry and subsequent
3D reconstruction. Using FFR preparations combined with postimmunogold-labeling the
abundance, density, and possible co-localization of AMPA- and NMDA-receptor subunits,
key players in synaptic transmission and plasticity, at these synapses were analyzed and
quantified.
The detailed structural geometry will help to understand various parameters of synaptic
transmission and plasticity and will therefore contribute to a much better understand-
ing of the behavior of synapses embedded in different neuronal microcircuits. Clinical
and experimental evidence suggest a dysregulation of NMDA-receptor function and glu-
tamatergic pathways in the pathophysiology of schizophrenia.
A mouse model for schizophrenia which only expresses 12% of the NR1-subunit of the
NMDA-receptor was behaviorally characterized and pharmacologically treated with re-
spect to the negative symptoms of the disorder.
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3 Materials and Methods
This chapter describes all performed experiments and used materials in this study as
follows:
• brain tissue preparation and subsequent immunohistochemistry of L4 of the rat SSC
for electron microscopy
• ultrastructural analysis of electrophysiologically-characterized L4 spiny stellate neu-
rons
• 3D reconstruction of neuronal and glial structures in L4 of the rat SSC
• Replica preparation and subsequent immunohistochemistry to quantify the density,
distribution pattern, and co-localization of AMPA- and NMDA-receptors and their
subunits at L4 synapses
• pharmacological intervention to investigate the behavior of the NR1-knockdown
mouse model for schizophrenia
All experiments were performed in accordance with the animal welfare guidelines of the
RWTH University Aachen, University Hospital Aachen and the Institute of Neuroscience
and Medicine INM-2, Research Center Jülich GmbH, the Department of Pharmacology,
Medical University Innsbruck and complied with the guidelines laid out in the EU di-
rective regarding the protection of animals used for experimental and scientific purposes.
All protocols for the pharmacological study in mice were approved by the AstraZeneca
and University of Pennsylvania Institutional Animal Care and Use Committees and were
conducted in accordance with National Institutes of Health guidelines.
3.1 Electron microscopy
The only way to study synapses and their target structures in sufficient detail are investi-
gations at the electron microscopic level. The advantage using electron microscopy is the
high magnification and resolution in the low µm and nm range which is not achieved with
light microscopy. Transmission electron microscopy (TEM) together with scanning elec-
tron microscopy has provided the knowledge of what is known about the ultrastructural
organization of tissues, cells, and organelles.
In contrast to single section analysis, TEM based on serial sections is the only way to
quantitatively analyze key ultrastructural elements of synaptic transmission and plasticity
and the role of axonal and dendritic processes, synaptic connectivity, and the relationship
between glial processes and synapses in the signal cascade underlying these processes
(Stevens et al. [1980]; DeFelipe [2008]).
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3.1.1 Brain fixation and tissue embedding
Wistar rats were raised on a 12 h light/dark cycle with water and food ad libitum.
The brains of three adult Wistar rats (3-4 months of age, both sexes) were used for the
reconstruction of individual input synapses terminating on L4 dendritic segments and in
the “barrel field” of the SSC.
The Wistar rats were deeply anaesthetized by an intraperitoneal injection of pentobarbital
(Narkodorm®; 250 mg per kg body weight; Alvetra, Neumünster, Germany) diluted 1:1
in sterile saline (0.9% sodium chloride). They were then transcardially perfused at room
temperature with 0.1 M phosphate buffered saline (PBS) followed by an ice-cold 0.1 M
phosphate buffered (PB) solution containing 4% paraformaldehyde w/v (PFA; Sigma-
Aldrich, Munich, Germany) and 0.5% glutaraldehyde w/v (GA; Polyscience, Eppelheim,
Germany) for 20 min. The fixation of the tissue with PFA and glutaraldehyde leads
to a denaturation and crosslinking of the protein structures and therefore, stabilizes the
tissue for subsequent electron microscopy. The brains were extracted from the skull and
postfixed in fresh fixative at 4°C overnight. The next day brains were washed in 0.1 M
PB, cut in the frontal plane on a vibratome (VT1000S; Leica Microsystems, Nussloch,
Germany) into 200 µm thick sections, and the neocortex, in particular the SSC was
excised.
Sections were then rinsed several times in 0.1 M PB and post-fixed in 0.1 M PB-buffered
1% osmium tetroxide (OsO4; Sigma-Aldrich, Munich, Germany) v/v, pH 7.4, for 1 h
at room temperature in the dark. OsO4 crosslinks lipids to further stabilize biological
membranes and as a side effect enhances the contrast of the tissue. Afterwards slices were
thoroughly washed in 0.1 M PB (3 times for 10 min) and then dehydrated in an ascend-
ing series of ethanol, starting with 30% and 50% ethanol (Merck, Darmstadt, Germany)
for 30 min. They were stained en bloc in 70% ethanol containing 1% uranyl acetate
(Sigma-Aldrich, Munich, Germany) w/v and 1% phosphotungstic acid (Merck, Darm-
stadt, Germany) v/v for 1 h. Uranyl acetate mainly stabilizes the cell membranes and
leads to a further contrasting of the tissue. The dehydration was continued by 70%, 90%
and 100% ethanol, 30 min in each, with an additional change in the 100%. The dehydra-
tion of the tissue is necessary since only samples that do not contain liquid water can be
directly imaged. Furthermore, ethanol is the solvent of the embedding media. To flatten
the slices for embedding the tissue was covered by a cover slip in 70% ethanol. Then,
slices were transferred into snap cap vials (VWR, Langenfeld, Germany) and incubated in
propylene oxide (Sigma-Aldrich, Munich, Germany) (twice for 5 min). The sections were
firstly incubated in propylene oxide / Durcupan ACM (mixture 1:1) (Sigma-Aldrich, Mu-
nich, Germany) for 1 h, secondly transferred into propylene oxide / Durcupan (mixture
1:2) for 1 h, and finally incubated in pure Durcupan overnight. Thereafter, the slices were
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transferred into fresh Durcupan and flat-embedded between aclar foil (Science Services,
Munich, Germany). Excess Durcupan was removed with a tissue paper and the sections
were polymerized for 2 days at 60°C.
The barrel field of the SSC was cut out from the embedded slices and the specimens were
transferred to oven-dried, resin-filled gelatine capsules (Science Services, Munich, Ger-
many) for easier tissue handling during the cutting procedure. The tissue was trimmed
with an ultramicrotome (EM TRIM1; Leica Microsystems, Nussloch, Germany) and
semithin sections (0.5 µm thick) were cut with an ultramicrotome (EM UC6; Leica Mi-
crosystems, Nussloch, Germany) through the barrel cortex. The cutting was done using
either a glass or diamond knife. A water bath was located behind the cutting edge, where
the sections were collected on glass slides. Cellular structures were visualized by staining
with methylene blue-azur II (Merck, Darmstadt, Germany) (figure 3.1) (Richardson et al.
[1960]) and the tissue block was further trimmed into a pyramidal shape block along the
region of interest, usually containing one or two individual barrels with a sharp razor
blade. The pyramid had a trapezoidal base to assure that the order of the slices could be
allocable during the cutting procedure.
To look for intra- and interindividual differences not only different animals but also dif-
ferent tissue blocks through individual barrels of the same animal were examined.
Figure 3.1: A-B, Semithin section from tissue in the rat SSC stained with methylene blue-azur II. The red
trapezoid in A indicates the region of interested that is trimmed out and shown at a higher magnification
in B. Scale bar is 200 µm in A and 100 µm in B.
Serial ultrathin sections (55 ± 5 nm thick; silver to light gray interference contrast ap-
pearance) were cut through L4 with an ultramicrotome (EM UC6; Leica Microsystems,
Nussloch, Germany). This results ideally in a ribbon of sections which were collected on
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formvar-coated single slot (~4 mm in diameter) copper grids in the correct order. To avoid
folds in the ribbon of tissue sections slices were expanded with chloroform (Merck, Darm-
stadt, Germany) vapors before picking. The slices were contrasted by firstly, staining
with an aqueous solution containing 1% uranyl acetate (Ultrostain I, Leica Microsystems,
Nussloch, Germany) w/v for 20 min followed by several washing steps in distilled water
and secondly, incubation in lead citrate (Ultrostain II, Leica Microsystems, Nussloch, Ger-
many) w/v for 7 min followed by another thorough washing in distilled water (Reynolds
[1963]; Coggeshall [1965]).
Input synapses on L4 dendrites of different order, size and length, and surrounding struc-
tures in the neuropil were examined with an electron microscope (Zeiss EM Libra 120) and
photographed at a magnification of 8.000 using the SIS Analysis software (Soft Imaging
System, Münster, Germany). In the multiple image alignment mode (MIA) several (6-12)
partially (60 µm) - over-lapping images were taken which were arranged automatically by
the SIS software and allowed the examination of a relatively large region. In a series of
ultrathin sections a region of interest was chosen from one section and photographed on
all consecutive sections throughout the entire series. The images were stored as *.tif with
a resolution of 1740 dpi, resulting in a pixel size of 1.8 nm and then imported into the
reconstruction software OpenCAR (see chapter 3.4).
Formvar coating of copper grids
Instead of so-called mesh copper grid, slot grid coated with a thin formvar film were used
as carriers for serial ultrathin sections. The big advantage of these carriers is that the
ultrathin sections can be viewed completely without losing areas of interest masked by the
gridbars. Both, single slot copper grids (Science Services, Munich, Germany) for ultrathin
sections and parallel bar grids (Science Services, Munich, Germany) for FFR preparations
(see chapter 3.2) were coated with a formvar (Science Services, Munich, Germany) film
before usage.
A dust-free glass slide was dipped into a solution containing 0.3% formvar w/v diluted in
dichloroethane (Roth, Karlsruhe, Germany) for 2 s and drained vertically for 10 min at
room temperature. The coated glass slide was breathed on to moistening the surface and
carefully slid at an angle of 25° into a large Petri dish containing distilled water to float
the formvar off the slide. Copper grids were placed onto the film with the bottom (shiny)
side on top. The grid laden formvar film was covered by Parafilm M and removed from
the water basin and air-dried. The grids were stored dust-free and dry (e.g. a petri dish)
until use.
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3.1.2 Glutamine synthetase and GABA pre-embedding immunohistochemistry
electron microscopy
Astrocytes play an important role in synaptic transmission and plasticity (for review, see
Danbolt [2001]). To investigate the ultrastructural relationship between astrocytes and
synapses in L4 of the barrel field pre-embedding immunohistochemistry against glutamine
synthetase, a key enzyme in astrocytes, was performed. In addition pre-embedding im-
munohistochemistry against GABA the major neurotransmitter of interneurons was car-
ried out to unequivocally differentiate between excitatory and inhibitory input synapses
on L4 spiny stellate neurons.
Two adult female Wistar rats (3-4 months) were anesthetized and transcardially perfused
with firstly 0.1 M PBS (pH 7.4) followed by 0.1 M PB containing 2.5% - 4% PFA w/v
and 0.1% GA w/v (table 3.1). After post-fixation, 100 µm thick slices were cut with a
vibratome and cortices were dissected. The sections were washed in 0.1 M PBS, cryopro-
tected in 0.1 M PBS containing 10% sucrose (Sigma-Aldrich, Munich, Germany) for 30
min, cryoprotected in 0.1 M PBS containing 20% sucrose for 30 min, and finally followed
by a cryoprotection in 0.1 M PBS containing 30% sucrose overnight. The tissue was
quickly frozen in liquid nitrogen by placing the slices in a tube, removing the liquid with
a tissue paper, and immersing the tube into the nitrogen. They were thawed in 0.1 M
PBS and washed in fresh 0.1 M PBS (4 times for 10 min). The sections were blocked
in 0.1 M PBS containing 0.5% bovines serum albumin (BSA; Sigma-Aldrich, Munich,
Germany) for 1 h and then incubated in monoclonal mouse anti-glutamine synthetase an-
tibody (1:2000; Millipore, Billerica, MA, USA) or polyclonal rabbit anti-GABA antibody
(1:5000; Sigma-Aldrich, Munich, Germany) diluted in 0.1 M PBS containing 0.5% BSA
overnight at 4°C. The tissue was washed in 0.1 M PBS (3 times for 10 min) and incubated
in biotinylated anti-mouse secondary antibody (1:200; Vector; Linaris, Wertheim, Ger-
many) for the anti-glutamine synthetase antibody or biotinylated anti-rabbit secondary
antibody (1:200; Vector Linaris, Wertheim, Germany) diluted in 0.1 M PBS containing
1.5% goat serum and 0.5% BSA for 2 h at room temperature. Sections were washed in 0.1
M PBS (3 times for 10 min) and incubated in freshly-prepared 0.1 M PBS-buffered avidin-
biotin complex (ABC)-Elite solution (1:100; Vector; Linaris, Wertheim, Germany) for 2
h in the dark at room-temperature. After two rinses in 0.1 M PBS, sections were washed
in 0.05 M Tris-buffered saline (TBS; Merck, Darmstadt, Germany) (table 3.1 for details)
(twice for 5-10 min). Sections were pre-incubated in 5 ml of 0.05 M Tris-buffered 3,3´-
diaminobenzidine (Sigma-Aldrich, Munich, Germany) for 15 min in the dark. Firstly, 1 µl
1% nickel ammonium sulphate (Sigma-Aldrich, Munich, Germany) w/v and secondly, 1
µl 1% cobalt (II) chloride (Sigma-Aldrich, Munich, Germany) w/v were added while con-
stantly stirring. Then 5 µl of a 30% H2O2 (Merck, Darmstadt, Germany) stock-solution
was added. Slices were incubated for 3-5 min then checked visually under the light mi-
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croscopy for the quality of labeling. Slices were washed in 0.05 M TBS followed by 0.1
M PB (3 times for 10 min) and then postfixed in 0.1 M PB-buffered 0.5% OsO4 v/v
for 30 min. Sections were washed in 0.1 M PB (3 times for 10 min). According to the
conventionally treated sections, the immunolabeled slices were dehydrated and embed-
ded as described above (see chapter 3.1.1). Serial ultrathin sections were cut, examined,
photographed and analyzed as previously described (see chapter 3.1.1). Immunohisto-
chemistry for the detection of GABA in neurons, dendrites, axons, and synapses were
carried out as described above but with a monoclonal antibody for GABA (for details,
see table 3.1).
Table 3.1: List of antibodies and fixation parameters for the rats used in the study
Animal-ID Fixation Antibody for preimmune
method
R-ad 070605 2.5% PFA + 0.1% GA anti-glutamine-synthetase,
clone GS-6 (1:2000)
R-ad 151106 4% PFA + 0.5% GA anti-GABA (1:5000)
R-ad 151106 4% PFA + 0.5% GA none
R-ad 170407 I 4% PFA + 0.5% GA none
R-ad 170407 II 4% PFA + 0.5% GA none
R-ad 070108 4% PFA + 0.1% GA anti-glutamine-synthetase,
clone GS-6 (1:2000)
3.1.3 3D reconstruction of a physiologically-characterized L4 spiny stellate neuron
One aspect of the present study was to analyze input synapses on physiologically and
morphologically identified excitatory L4 spiny stellate neurons using the patch-clamp
technique combined with intracellular biocytin filling in acute brain slices. The electro-
physiological experiments were performed by Dr. Guanxiao Qi, Institute of Neuroscience
and Medicine INM-2, Research Center Jülich.
Wistar rats aged between 20 and 24 days were anaesthetized with 1 ml isoflurane (Delta
Select, Munich, Germany), decapitated, and thalamocortical brain slices (350 µm thick,
45° to the midline) from the somatosensory area were prepared in ice-cold (2-4°C) artificial
cerebrospinal fluid bubbled with 95% O2 / 5% CO2 (Linde, Munich, Germany). Acute
brain slices were incubated for 30 min at 36°C in a solution containing 4.5 g D-(+)-glucose
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(Sigma-Aldrich, Munich, Germany) and 7.5 ml "solution F" (a stock solution with 3 mM
myo-inositol, 2 mM NaC3H4O3, 0.4 mM ascorbic acid, 1 mM CaCl2, 5 nM MgCl2) dis-
solved in 1 l Ringer´s solution component I (containing 125 mM NaCl, 125 mM NaHCO3,
2.5 mM KCl, 1.25 mM NaH2PO4, 1 mM MgCl2; Biometra, Göttingen, Germany). The
extracellular recording solution consisted of 1 l Ringer´s solution component I and 15
ml Ringer´s solution component II (containing 2 mM CaCl2, 25 mM glucose; Biometra,
Göttingen, Germany).
Spiny stellate neurons in L4 of the barrel cortex were identified at low magnification
(2.5x) under bright field illumination. Neurons were visualized with differential contrast
microscopy using an Olympus BX52 microscope (Olympus Optical, Hamburg, Germany).
Patch clamp recordings in the whole cell configuration from single L4 neurons were made
at 33-36°C. Pipettes (4-6 MW) were pulled from borosilicate glass and filled with an
intracellular recording solution containing 135 mM K-gluconate, 10 mM Hepes, 10 mM
phosphocreatine-Na, 4 mM KCl, 4 mM ATP-Mg and 0.3 mM GTP (pH 7.4; adjusted with
KOH, 1 mol; all from Sigma-Aldrich, Munich, Germany). Biocytin (3 mg/ml, Sigma-
Aldrich, Munich, Germany) was included in the recording solution and spiny stellate
neurons were filled with Biocytin for about 20 min. After recording, acute slices containing
the biocytin-filled neurons were fixed overnight at 4°C in ice-cold 0.1 M PB containing
4% PFA w/v, 0.025% GA w/v, and 0.2% picric acid (Sigma-Aldrich, Munich, Germany)
v/v. After washing in 0.1 M PBS (3 times for 10 min) slices were cryoprotected in 0.1 M
PBS containing 10% sucrose for 45 min, in 0.1 M PBS containing 20% sucrose for 45 min,
and finally in 0.1 M PBS containing 30% sucrose for 45 min. The slices were frozen in
liquid nitrogen-cooled isopentane (Sigma-Aldrich, Munich, Germany) for 10 s. They were
thawed and washed in 0.1 M PB (3 times for 10 min). Slices were further processed and
underwent the DAB-reaction for the visualization of the Biocytin as previously described
(see chapter 3.1.2). Finally, the sections were dehydrated and embedded for electron
microscopy as previously described (see chapter 3.1.1).
Semithin and ultrathin sections of the tissue containing the labeled neurons were prepared
as previously described (see chapter 3.1.1). Single ultrathin sections were screened for
Biocytin-filled structures with the Zeiss EM Libra 120. A series of ultrathin sections from
a labeled dendritic segment was prepared and photographed as described previously (see
chapter 3.1.1).
3.2 Sodium dodecyl sulfate FFR preparation
Neurotransmitter receptors, in particular those of the AMPA- and NMDA-type and their
subunits, are at the molecular level, the driving force involved in excitatory synaptic
transmission and in the modulation of synaptic plasticity in the neocortex. Neurotrans-
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mitter receptors can be visualized using ultrathin sections combined with postembedding
immunohistochemistry; however, with the disadvantage that only a fraction of the AZ, in
particular that of the pre- and postsynaptic density can be found on a single section. One
important goal of this work was to visualize and quantify for the first time the density,
distribution pattern, and possible co-localization of the AMPA-and NMDA-receptor, at
the entire AZ of synapses in the neocortex. Therefore, a combination of FFR prepara-
tions with single or double post-immunogold labeling is the method of choice not only
to visualize the architecture of the membraneous structures but also to simultaneously
identify the two-dimensional distribution of labeled molecules on these structures. In this
approach sodium dodecyl sulfate (SDS)-digested FFR labeling is used which combines
the freeze fracture replica cytochemistry with SDS digestion for cytochemical labeling of
freeze-fractured and replicated cell membranes of tissue sample (Fujimoto [1995]).
Brains of 3 Wistar rats (3 – 4 months old, both sexes) were perfused with 0.1 M PBS (pH
7.4) for 5 min and then perfusion fixed with 0.1 M PB (pH 7.4) containing 1% PFA w/v
and 15% of a saturated solution of picric acid v/v for 12 min.
Cortices were cut into 150 µm frontal sections with a Vibroslicer (Leica Microsystems
VT 1000S, Nussloch, Germany), squares of 3 mm length were trimmed containing 1-
2 barrels in L4 from the SSC, and cryoprotected with 30% glycerol overnight at 4°C.
The preparation of the replica was performed by Dr. Yu Kasugai at the laboratory of
Prof. Francesco Ferraguti, Department of Pharmacology, Innsbruck Medical University,
Innsbruck, Austria.
There, the sections were frozen by use of a high-pressure freezing machine (HPM 010; Bal-
Tec, Balzers, Lichtenstein) and fractured by a double replica method in a freeze-etching
device (BAF 060; Bal-Tec, Balzers, Liechtenstein).
For the freezing procedure the tissue slices were covered with thin perforated copper foil
(10 µm-thick, 5.5 mm in diameter), which was cleaned by dipping into 10% nitric acid v/v
in distilled water, rinsed with distilled water and absolute ethanol, and stored in absolute
ethanol before use.
The covered tissue was placed on a base plate which was prepared as follows. A copper
plate was cut into rectangles (7 x 9 mm), dipped into 30% nitric acid v/v in distilled
water for 2 min at room temperature, and then rinsed with distilled water and absolute
ethanol. Before usage a single-coat adhesive sheet (60 µm thick, 7 x 7 mm, with a 5 mm
diameter hole) was attached to the pre-cleaned copper plate.
The tissue together with the base place and the cover foil were placed on the freezing
head of the slammer which is covered by a drop of Tissue-Tek® O.C.T.™ compound.
Excess O.C.T., which squirted when pressing the base plate on the freezing head was
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removed with tissue paper. Afterwards the head was plugged into the freezing machine
and smashed against a liquid helium-cooled copper block. Then, the freezing head was
quickly transferred into liquid nitrogen and the base plate could be easily removed from
the head. For tissue-fractioning the frozen specimen was mounted on a Balzer´s specimen
table (Bal-Tec, Balzes, Liechtenstein) under liquid nitrogen. At stage temperature of -
110°C the tissue was fractured by lowering the liquid nitrogen-cooled metal knife below the
level of the cover foil and lifting it until the foil was separated from the frozen specimen.
The fracture is irregular, occurs along lines of weakness like plasma membranes, and
passes through the hydrophobic center of lipid bilayers. The split results in two fracture
surfaces. The fracture face on the exterior leaflet is the exoplasmic fracture face (E-
face) whereas that on the interior site is the protoplasmic fracture face (P-face) (figure
3.2) (Branton et al. [1975]). Surface ice on the specimen is removed by vacuum (freeze
etching). Fractured specimen were replicated by evaporation of carbon (rotating) by
means of an electron beam gun positioned at a 90° angle to a thickness of 5 nm, shadowed
unidirectionally by platinum-carbon with the gun positioned at a 60°C angle (thickness 2
nm), followed by carbon applied from a 90° angle (rotating, thickness 15 nm) to allow fine
ultrastructural observations. Tissue was solubilized in a solution containing 2.5% SDS
and 20% sucrose made up in 15 mM Tris buffer, pH 8.3, at 80°C on a shaking platform
for 18 h. Replicas were kept in the same solution at room temperature until they were
processed further (Kaufmann et al. [2009]).
Figure 3.2: Schematic illustration of a fractured and metal-evaporated cell during Freeze Fracture Replica
preparation (modified from Fujimoto [1997])
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3.2.1 Replica immunolabeling of the AMPA- and NMDA-receptor
Replica immunolabeling for the AMPA- and NMDA-receptor and their subunits was per-
formed at the Research Center Juelich. For immunolabeling replicas were manipulated
carefully using a platinum wire loop or the flame-polished end of a fine glass rod. Replicas
were transferred into wells of a porcelain spot plate containing 2.5% BSA in 50 mM TBS
and then incubated in blocking solution containing 5% BSA in 50 mM TBS for 1 h at room
temperature. Subsequently, the replicas were reacted with the primary antibody for the
NMDA-receptor subunit NR1 (Millipore, Billerica, MA, USA), NR2A, NR2B (Frontier
Sciences Hokkaido, Japan), or for panAMPA, a mixture of antibodies for the AMPA-
receptor subunits GluR1-GluR4 (kindly provided by Prof. Elek Molnár, University of
Bristol, Bristol, UK). All antibodies were diluted in 50 mM TBS containing 1.25% BSA
as listed in table 3.2.
Table 3.2: List of the primary antibodies used for the immunohistochemistry on the FFR preparations
Antibody Antigen Species Protein
concentration
[µg/ml]
Dilution Source Reference
NR1 NMDA-receptor
subunit 1:
extracellular
loop between
the
transmembrane
regions III and
IV; residues
660-811
mouse 4400 1:300 Millipore,
catalogue
number:
MAB363
Sprengel et al.
[1998]
NR2A NMDA-receptor
subunit 2A:
extracellular
residues
1126-1408
rabbit 200 1:100 Frontier
Sciences
Watanabe et al.
[1998]
NR2B NMDA-receptor
subunit 2B:
extracellular
residues 1-48
rabbit 200 1:100 Frontier
Sciences
Watanabe et al.
[1998]
panAMPA
(GluR1-4)
AMPA-receptor
subunits 1-4:
extracellular
residues 724-781
rabbit 350 1:500 Elek Molnár,
University of
Bristol, UK
Nusser et al.
[1998]
In double-immunolabeling experiments of NR1 and pan AMPA a mixture of both anti-
bodies was used in the same concentration as described above. For the immunolabeling,
the replicas were placed into 30 µl drops of antibody solution on Parafilm M inside a
moisture chamber created within a petri dish.
The replicas were incubated while slightly shaking in the immunocytochemical reagents on
a shaker for 48 h at 4°C. Afterwards replicas were washed in 50 mM TBS containing 0.05%
BSA (3 times for 10 min) and then incubated in colloidal gold-coupled goat anti-mouse
secondary antibody (British Biocell International, Cardiff, UK) against NR1 or colloidal
gold-coupled goat anti-rabbit secondary antibody (British Bio-cell International, Cardiff,
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UK) against NR2A, NR2B, and panAMPA, both made up in 50 mM TBS (dilution 1:30)
containing 1.25% BSA on a shaker overnight at 4°C. In single-labeling experiments 5 nm
large gold particles were used, for double-labeling one secondary antibody was coupled
with 5 nm large gold particles, the second one with 10 nm large gold particles (table 3.3).
Table 3.3: List of the secondary antibodies used for the immunohistochemistry on the FFR preparations
Secondary antibody Source Purchase code Dilution
5 nm gold coupled
goat anti-mouse
British Biocell
International,
Cardiff, UK
EM.GMTA5 1:30
10 nm gold coupled
goat anti-mouse
British Biocell
International,
Cardiff, UK
EM.GMTA10 1:30
5 nm gold coupled
goat anti-rabbit
British Biocell
International,
Cardiff, UK
EM.GAR5 1:30
10 nm gold coupled
goat anti-rabbit
British Biocell
International,
Cardiff, UK
EM.GAR10 1:30
They were then firstly washed in 50 mM TBS containing 0.05% BSA (3 times for 10
min), followed by 2 times for 5 min in distilled water, and picked up on formvar-coated
100-parallel bar copper grids.
Both antibodies used in this study recognize their antigen on the extracellular domains of
the AMPA- and NMDA-receptors which are located at the E-face of the plasma membrane
(figure 3.3). The E-face labeling was concentrated over small membrane patches rich in
intramembraneous particles so-called IMPs. These cluster-like arranged IMPs were de-
fined as densely packed IMPs at a distance of <15 nm from each other and are considered
to resemble as PSDs.
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Figure 3.3: Illustration
of the primary and sec-
ondary antibody binding
on glutamatergic recep-
tors on the E-face of
the Replica preparations
(modified from Fujimoto
[1997])
The distribution of the glutamatergic receptors was observed with the TEM imaging sys-
tem (Zeiss Libra 120; Zeiss, Oberkochen, Germany) and the iTEM software (Olympus
Software Imaging Solutions GmbH, Münster, Germany). The photographs from immuno-
labeled P-face PSDs on both, dendritic shafts and spines, were taken at a magnification
of 25.000, respectively. The specimens were not tilted, therefore synapses on areas of
membrane with significant slope provide an area smaller than their real lateral extent,
and were not included (Kasugai et al. [2010]). The images were stored as *.tif with a
resolution of 1783 dpi, resulting in a pixel size of about 0.57 nm. The abundance of the
NR2A and NR2B subunits of the NMDA receptor were qualitatively analyzed. The images
of the NR1 and AMPA-immunopositive PSD were imported into the computer software
OpenCAR for further quantitative analysis of the receptor distribution (see chapter 3.4).
3.3 3D reconstruction of L4 excitatory neurons with the software
tool OpenCAR
The application tool OpenCAR (CAR meaning Contouring Alignment Reconstruction)
reconstructs structures of interest in 2D images three-dimensionally from which surface
and volume measurements can be obtained. OpenCAR was programmed by Dr. Kurt
Sätzler, School of Biomedical Sciences, University of Ulster, Coloraine, County Lon-
donderry BT52 ISA, UK. Contact and further detailed information can be found at
http://opencar.ulster.ac.uk. In this study the OpenCAR version 1.5.7 was used. OpenCar
is composed of several independent working modules in which data files can be process
separately (figure 3.4).
34
Materials and Methods
Figure 3.4: The software
program OpenCAR and
its different modules.
In the project mode a new data file was created for each series of ultrathin sections and
all photographs were imported as *.tif. Important parameters of the stack of images such
as magnification of the images, average z-thickness of the slices, and image resolution in
dpi were specified.
Next, the alignment mode allowed the alignment of consecutive sections via rotation and
translation without squeezing such that corresponding structures of individual objects
superimposed (figure 3.5).
Figure 3.5: In the alignment mode, consecutive images were aligned (A), so that corresponding structured
are superimposed (B) in both images. To overcome geometrical distortions and artefacts in ultrathin
sections/images (e.g. folds) individual images can be aligned by squeezing.
All presynaptic structures of interest such as synaptic boutons with their synaptic vesicles,
active zones, and mitochondria as well as postsynaptic structures like dendritic spines and
shafts were outlined by hand using the contouring mode. Here, a contour was defined
by its name, type (closed contour, line, or point), color, and line / point size of the
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chosen object. The closed contour outlined objects in the image and had a common
starting and ending point. It should not cross itself or other contours. The contour type
“line” had a different starting and ending point and was used to measure the length or
diameter of objects (e.g. diameter of vesicles). For the reconstruction of the structures
in conventional and pre-embedding electron microscopy the following objects with their
indicated parameter were used (table 3.4).
Table 3.4: Contouring and reconstruction parameters of all structures of interest on ultrathin sections
Object name Object type Object color Object line size [pixel] Reconstruction
AZ (presynaptic) line red 2 area
AZ (postsynaptic) line red 2 area
astrocyte contour white 2 closed surface
GABA-positive cell contour dark brown 2 closed surface
GABA-positive
presynaptic element
contour light brown 2 closed surface
GABA-positive
postsynaptic element
contour dark blue 2 closed surface
large dense core vesicle line magenta 2 sphere
mitochondrium contour white 2 closed surface
PSD line red 2 area
postsynaptic element
(dendritic spine and
shaft)
contour light blue 2 closed surface
synaptic bouton contour yellow 2 closed surface
vesicle line green 2 sphere
After creating a new contour the objects were generated by simple clicking on the im-
ages and therefore, labeling the structures of interest (figure 3.6). Once established, the
object was linked to the image and could be squeezed and transformed like the electron
micrograph itself in the squeezing and alignment mode.
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Figure 3.6: Electron mi-
crograph with an outlined
dendrite (blue) and ter-
minating input synapses
(yellow) filled with vesi-
cles (green), mitochondria
(white), and active zones
in the contouring mode of
OpenCAR.
Finally, in the reconstruction mode 3D volumetric reconstructions were performed from
these polygonal cross sections. The reconstruction was dependent on the type of contour
chosen in the contouring mode. Table 3.4 shows the illustration of the reconstruction for
the used objects. The 3D geometry of contoured structures like astrocytes and synaptic
boutons was reconstructed from the stack of outlines of a given object (figure 3.7).
Figure 3.7: 3D recon-
structed dendritic spine
(light blue) with termi-
nating input synapse (yel-
low) in the reconstruction
mode of OpenCAR.
By filling these stacks with tetrahedra, volume and surface areas of the structures of
interest were calculated (Sätzler et al. [2002]). The sum of triangular areas that formed
the boundaries of the reconstructed structures delivered the values for the surface areas.
The volume of the object was calculated by the volumes of the tetrahedra inside the
object. This calculation was dependent on the thickness of the slices determined in the
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project mode. For further details on the calculation of the object volume and estimation
of the size of the AZs, see Sätzler et al. [2002].
Synaptic vesicles and large dense-core vesicles were only counted if they showed a clear
ring-like structure to circumvent the possibility of double counts in two consecutive sec-
tions. They were traced by the object-type line and reconstructed as spheres only using
the starting and ending point of the line. The length of the line allowed the measurement
of the diameter of the vesicles. Furthermore, the minimal distance between the center
of gravity of a vesicle and the closest part of the AZ was calculated. The values were
not scaled. The size of the vesicle pool at individual AZs was calculated by counting all
vesicles within a given bouton.
OpenCAR allowed converting the obtained 3D reconstruction into an *.inv file, which
was imported into the software program AMIRA (Visage Imaging GmbH, Berlin, Ger-
many). The 3D reconstructed structures were smoothed and visualized simultaneously.
Brain tissue shrinks during the process of fixation, staining, and embedding for electron
microscopy. However, shrinkage factors might not be identical for different subcellular el-
ements. Hence, it is impossible to determine a universal shrinkage factor and the obtained
results from this study remained uncorrected.
All data are expressed as mean ± standard deviation (SD) throughout this thesis. Us-
ing functions written for the freely available statistic package R (R Development Core
Team, 2005) (http://www.R-project.org) graphs were generated to analyze the Open-
CAR 3D reconstructions. The nonparametric Kolmogorov-Smirnov test was applied to
assess differences in the distributions of various measurements (e.g. synaptic pool size).
All differences were considered significant if p < 0.05.
3.3.1 Measurement of the PSD surface area and analysis of the receptor
distribution on FFR preparations
The *.tif images of all immuno-positive shaft and spine PSDs were imported into Open-
CAR. In the contouring mode PSDs were delineated manually by following the contour
of the high IMP concentration. All gold particles located within the PSD outline were
counted with the object-type points dependent on the antigen and the size of the gold par-
ticle (table 3.5). Gold particles outside the PSD were not counted because they represent
extrasynaptic receptors or were regarded as background staining.
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Table 3.5: Contouring parameters of all structures of interest in FFR preparations
Object name Object type Object color Object line size
[pixel]
AMPA receptor (5
nm gold particle)
point blue 5
AMPA receptor (10
nm gold particle)
point blue 10
NR1 receptor (5 nm
gold particle)
point yellow 5
NR1 receptor (10 nm
gold particle)
point yellow 10
OpenCAR allowed exporting the PSD contours and gold particle counts representing
the AMPA- and NMDA-receptors as a *.shp file, which were imported into the software
program OpenCare (programmed by Kurt Sätzler). OpenCare converted the *.shp file in
a *.tab-file from which the data pool could be split into a tree diagram like infrastructure.
The PSD surface area and the coordinates of the PSD contour and gold particles were
calculated in OpenCare for all PSDs as well as for subgroups. The data pool of PSDs by
antibody and / or location of PSD, meaning either shaft or spine PSD were subdivided.
Therefore, it allowed the comparison of quantitative parameters such as PSD surface area
and number and density of gold particles per PSD among different subgroups as follows:
• shaft vs. spine PSDs
• AMPA-labeled vs. NR1-labeled PSDs
• shaft AMPA-labeled vs. shaft NR1 labeled PSDs
• spine AMPA-labeled vs. spine NR1 labeled PSDs
With an R-script written in-house by Christoph Suchmann individual data sets could be
compared. All calculations could be saved as plots in various graphical formats or as a
statistical report in a *.pdf file.
The mean ± SD, median, minimum, and maximum of PSD size was calculated and
illustrated in a box plot. The number of PSDs in relation to the PSD surface area was
shown in a cumulative frequency plot and a histogram. For statistical analysis either the
Mann Whitney U test or the Kruskal Wallis test were applied. The significance level was
set < 0.05.
The minimum, mean ± SD, and maximum number of gold particles per PSD were mea-
39
Materials and Methods
sured. Here, it was possible to analyze individual subgroups separately and compare data
sets, e.g. spine vs. shaft PSDs. Furthermore, the number of gold particles was plotted
against the PSD surface area and its correlation was analyzed by a two-tailed Pearson
correlation test.
3.4 Pharmacological treatment of behavioral abnormalities in NR1
hypomorphic mice NR1 hypomorphic mice
The NR1neo-/- mice (Mohn et al. [1999]) only express 12% of normal NR1 subunit of the
NMDA-receptor were obtained from the laboratory of Dr. Beverly Koller (The Univer-
sity of North Carolina at Chapel Hill, Chapel Hill, NC, USA) and a breeding colony was
established at AstraZeneca Pharmaceuticals LP (Wilmington, DE, USA). Their breed-
ing involves three populations of mice: NR1neo+/- heterozygotes maintained on C57BL/6J
background (Jackson Laboratory, Bar Harbor, ME, USA), NR1neo+/- heterozygotes main-
tained on 129S6/SvEvTac background (Taconic Farm, Hudson, NY, USA), and an inter-
cross between female C57BL/6J NR1neo+/- and male 129S6/SvEvTac NR1neo+/- (table 3.6.
The progeny from the intercross are genetically identical F1 hybrids with the exception
at the NR1 locus: 50% NR1neo+/-, 25% NR1neo-/-, and 25% wild type (WT).
Table 3.6: Primer nucleotide sequence used in the PCR protocol to identify the NR1 gene locus.
Gene-locus Primer Nucleotide sequence
NR1 (+) forward primer 5’TGA GGG GAA GCT
CTT CCT GT3’
NR1 (-) forward primer 5’GCT TCC TCG TGC
TTT ACG GTA T3’
NR1 common reverse primer 5’AAG CGA TTA GAC
AAC TAA GGG T3’
For the experiments described here, only male mice were used. Cohorts of NR1neo-/- and
wild type littermates were generated by AstraZeneca Neuroscience (Wilmington, DE,
USA) and arrived at the University of Pennsylvania when 8 weeks old. Animals were
maintained on a 12 h light/dark cycle (lights off at 7 p.m.) in a temperature-controlled
facility with food and water available ad libitum. Mice were housed 4 to 5 per cage during
quarantine and during acclimation to the housing facility (1 week) prior to experiments.
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All tests were performed during the light phase between 9 a.m. and 6 p.m.. Adequate
measures were taken to minimize pain or discomfort. 10 min before each behavioral
testing, mice were administered either sterile saline (as control), Baclofen (2.5 or 5 mg/kg),
Risperidone (0.05 or 0.1 mg/kg), or L838,417 (10 or 30 mg/kg) via systemic injection. All
drugs were purchased from Sigma-Aldrich (St. Louis, MO, USA). For injections Baclofen
and Ripseridone were dissolved in 0.9% sterile saline, and L838,417 was dissolved in
20% dimethyl sulfoxide (Thermo Fisher Scientific, Pittsburgh, PA, USA) and 80% sterile
saline. For each behavioral study mice were tested during three consecutive weeks with
four testing days each week (table 3.7).
Table 3.7: Mice testing schedule for the study of sociability, LMA, and PPI under administration of saline
and different doses of Baclofen, Risperidone, and L838,417.
week testing Day 1 Day 2 Day 3 Day 4 Day 5
1 Sociability saline 2.5 mg/kg
Baclofen
5 mg/kg
Baclofen
- saline
2 Sociability saline 0.05 mg/kg
Risperidone
0.1 mg/kg
Risperidone
- saline
3 Sociability saline 10 mg/kg
L838,417
30 mg/kg
L838,417
- saline
4 Locomotor
activity
saline 2.5 mg/kg
Baclofen
5 mg/kg
Baclofen
- saline
5 Locomotor
activity
drug saline 0.05 mg/kg
Risperidone
0.1 mg/kg
Risperidone
- saline
6 Locomotor
activity
saline 10 mg/kg
L838,417
30 mg/kg
L838,417
- saline
7 Prepulse
inhibition
saline 2.5 mg/kg
Baclofen
5 mg/kg
Baclofen
- saline
8 Prepulse
inhibition
saline 0.05 mg/kg
Risperidone
0.1 mg/kg
Risperidone
- saline
9 Prepulse
inhibition
saline 10 mg/kg
L838,417
30 mg/kg
L838,417
- saline
3.4.1 Sociability testing
The sociability of 10 NR1neo-/- mice was compared to that of 10 WT mice. The degree
of social approach for a test mouse (either a NR1neo-/- or WT mouse) towards a novel,
unfamiliar stimulus mouse was measured in a social choice task modified from previously
used methods (Brodkin et al. [2004]; Sankoorikal et al. [2006]; Brodkin [2007]). The social
choice test was carried out in a single-chambered apparatus without top. Behavioral
testing was videotaped with a Sony digital video camera with NightShot® (infrared)
feature for recording in low light. Cameras were placed directly over each box. To
minimize the general stress level of the mice, the testing room was dimly lit. Prior to
the start of the test, one side was designated as the “social side”, into which a stimulus
mouse would be introduced, and the other side was designated as the “nonsocial side”.
The side designated as the social side was varied in a counterbalanced sequence among
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tests. Before each test, the bottom of the apparatus was covered with a 2 cm thick layer
of clean mouse bedding. Two identical clear, Plexiglas cylinders (7 cm in diameter, 12
cm tall) with removable white, Plexiglas lids were placed in the apparatus, one on each
side. The stimulus mouse could move around easily within the cylinder. The cylinders
had multiple holes (1 cm in diameter) to allow for air exchange between the inside and
outside of the cylinder. Auditory, visual, and olfactory investigation between a mouse
inside and a mouse outside the cylinder was thus possible. Between tests, the apparatus
and cylinders were all washed with copious amounts of ethanol and water and dried before
testing the next mouse. To minimize aggressive and sexual motivations of the test mouse
towards the stimulus mouse castrated A/J male obtained from the Jackson Laboratory
were used as stimulus mice paired with male test mice. Using TopScan (Clever Systems
Inc., Reston, VA, USA) an arena was defined which contained the dimensions of both
cylinders and the movements of each test mouse were traced. Prior to testing mice were
habituated to the testing room for 30 min.
In Phase 1, which lasted 15 min, the test mouse was habituated to the apparatus. At the
beginning of Phase 2, which lasted 15 min, a gonadectomized A/J stimulus mouse was
placed in the “social cylinder” in the social side of the apparatus. The mean ± standard
error (SEM) was calculated for the following variables for each group of mice defined by
genotype: numbers of sniffing events of the social and nonsocial cylinders and time sniffing
the social and non-social cylinders. These values were calculated for Phase 1 (stimulus
mouse absent, 0-15 min) and Phase 2 (stimulus mouse present, 15-30 min). A cylinder
sniffing preference score was calculated for each mouse by subtracting the time spent
sniffing the nonsocial cylinder from the time spent sniffing the social cylinder for Phase
1 and Phase 2. A positive score signified a predominance of social behavior, whereas a
negative score implied a predominance of social avoidance. The mean cylinder sniffing
preference score for Phase 1 was subtracted from the cylinder sniffing preference score for
Phase 2 to yield a cylinder sniffing preference change score. For each mouse, a positive
value for the cylinder sniffing preference change score indicated a preference for the social
chamber or social cylinder sniffing, respectively.
3.4.2 Measurement of locomotor activity
Prior to testing, mice (8 NR1neo-/- mice, 8 WT) were allowed to habituate in the testing
room for 30 min. Mice were placed individually in cages (31 cm length, 19 cm width,
and 16 cm height) within automated locomotor activity (LMA) frames (Med Associates
Inc., St. Albans, VT, USA). The cages were washed with ethanol and water and the floor
was covered with a 2 cm thick layer of clean mouse bedding before each test run. The
room was dimly lit by ambient ceiling lights. The number of horizontal beam-breaks was
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counted and converted into cm as a measure of ambulation. Data was collected for 5 min
intervals over 30 min.
3.4.3 Startle response and PPI
Startle responses and inhibition of startle response after presentation of a non-startling
prepulse were registered in a four chamber system (SR-LAB system San Diego Instru-
ments, San Diego, CA, USA). Chambers were lighted and ventilated, each containing
a stabilimeter consisting of a Plexiglas cylinder mounted on a Plexiglas base. A white
noise generator (4-19 kHz) mounted above the animal delivered the background noise,
prepulse stimuli, and startle stimuli. Startle responses were transduced by a piezoelectric
accelerometer mounted below the cylinder, digitized, rectified, and recorded as 100 1 ms
readings, starting at the onset of each startle stimulus. The average of the 100 readings
is used as the dependent measure (Swerdlow et al. [2000]).
The Plexiglas cylinder in the test chambers were washed with ethanol and water before
each test run. Prior to testing, mice (8 NR1neo-/- mice, 8 WT) were allowed to habituate in
the testing room for 30 min. The test mouse was placed into the Plexiglas cylinder, which
was closed with other plastic pieces in the front slot and back slot such that the mouse
had the smallest amount of space possible. The sessions began with a 5 min acclimation
interval to a background white noise of 60 db. This was followed by a block of five 120 db
startle pulses in an effort to make the subsequent startle responses less variable. During
the next 10 min block, startle responses were measured to 40 ms pulses of 0 (control), 90,
95, 100, 105, 110, 115, and 120 db sound pressure. Each stimuli intensity was presented
five times in random order with an interstimulus interval randomized from 10 to 20 s with
a mean of 15 s. The startle portion of the session concluded with an additional block of
five 120 db pulses to assess potential effects of habituation. Startle trials were followed
by a 10 min block of PPI trials. Each prepulse trial consisted of a 20 ms prepulse 4, 8,
or 16 db above background noise (60 db) followed by a 40 ms pulse of 120 db 100 ms
later. Five trials of each prepulse stimuli intensity, along with 10 startle-only trials, were
presented in random order. Startle responses were collected as 60, 1 ms voltage readings,
which were averaged over the collection interval to obtain an average measure for each
trial using Startle Reflex Software (San Diego Instruments, San Diego, CA, USA).
The average startle response was used as the primary dependent measure of the startle
reflex. Percentage of prepulse inhibition was calculated using the following formula: [100
- (startle + prepulse/startle alone) * 100], where “startle alone” was obtained from trials
conducted in the absence of prepulse stimuli.
Data for all behavioural tests were analyzed using repeated-measures ANOVA with the
computer program STATISTICA (StatSoft, Tulsa, OK, USA). Significant main effects
43
Materials and Methods
were followed by Fisher LSD post hoc comparisons. Results were illustrated using the
GraphPad Prism software (GraphPad Software, La Jolla, CA, USA).
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4 Results
4.1 3D reconstruction and quantitative geometry of synapses
terminating on excitatory L4 neurons
To characterize the structural determinants of synaptic transmission and plasticity at
L4 excitatory neurons, input synapses and their postsynaptic targets were ultrastruc-
turally analyzed and quantified in conventionally embedded electron microscopic speci-
mens. Therefore, serial ultrathin sections through individual barrels in L4 of the SSC
were prepared taken from five adult rats. From the total 14 individual dendritic segments
of spiny stellate neurons were chosen with respect to their completeness throughout the
entire dendrites at a magnification of 8000. Afterwards images were imported into the
software program OpenCAR and structures of interest were outlined in different colors as
described in chapter 3. 3D volumetric reconstructions were performed from which surface
and volume measurements were obtained.
Synaptic contacts of L4 spiny stellate neurons were established by either en passant bou-
tons or end terminals predominantly on dendritic spines (~70%) and, to a smaller fraction,
on dendritic shafts (figure 4.1) (see also Feldmeyer et al. [1999]). Around 80% of the input
synapses to excitatory L4 neurons are of intracortical origin mainly from spiny stellate
neurons; the remaining are either from L4 GABAergic interneurons or from thalamocor-
tical afferents (Ahmed et al. [1994]). A total of 226 input synapses on individual L4
dendritic segments of different order were 3D reconstructed and quantified.
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Figure 4.1: A-D, Four consecutive digital electron micrographs of a dendritic segment (de) outlined in
light blue of a L4 spiny stellate neuron with synaptic contacts given as yellow contours terminating on
both the dendritic shaft (synapse indicated by an asterisk) or on dendritic spines. Scale bar is 1 µm.
As revealed by the 3D volumetric reconstruction of the outlined structures of interest
dendrites of L4 excitatory neurons received multiple and dense input from synapses (figure
4.2). However, the density of the synaptic input was variable among different dendritic
segments. This is exemplified by two dendritic segments one with seven synapses on a
dendritic segment of 14 µm length and a second with 28 synapses on a dendritic segment
of 18 µm length (4.2). Both spine and shaft input synapses on L4 excitatory neurons
were highly variable in both shape and size (figure 4.2), ranging from 0.44 to 21.10 µm2
in surface area and from 0.01 to 1.36 µm3 in total volume. On average, they were 3.74 ±
2.45 µm2 in surface area and had a volume of 0.19 ± 0.15 µm3 (table 4.1). Around 8% of
the boutons were regarded as small with a bouton surface area smaller than 0.9 µm2 and
a volume below 0.05 µm3, respectively. Large boutons with a surface area bigger than
6.5 µm2 and a volume above 0.3 µm3 made up around 11% of the total population. This
variability is represented by the high SD and the high CV (0.7 for the surface area and
0.8 for the volume).
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Figure 4.2: A-B, 3D reconstruction of two individual dendritic segments (light blue) and their input
synapses in yellow. Note the different density of input synapses on the two dendritic segments. Scale bar
is 3 µm.
The majority of input synapses contained one to two mitochondria (~65%), ranging from
none up to four mitochondria per bouton. Mitochondria had on average a volume of 0.04
± 0.03 µm3 thus contributing on average ~22% to the total bouton volume. Mitochondria
showed cluster-like arrangements and were always associated with the pool of synaptic
vesicles (figure 4.3, figure 4.9, and figure 4.10). In contrast to other CNS synapses mito-
chondria were not arranged in row-like or donut-like assemblies; as observed in the mossy
fiber bouton and the calyx of Held (Wimmer et al. [2006]; Rollenhagen et al. [2007]).
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Figure 4.3: Electron micro-
graph of a L4 input synapse
(outlined in yellow) containing
a mitochondrium (white) which
are associated with synaptic
vesicles (green). The dendritic
spine is outlined in light blue.
Scale bar is 250 nm.
Table 4.1: Summary of structural parameters relevant for synaptic transmission and plasticity at L4 input
synapses
Bouton AZ Mitochondria
Animal-ID No Mean surface
area ± SD
[µm2]
Mean volume
± SD [µm3]
Mean surface
area ± SD
[µm2]
Mean volume
± SD [µm3]
R-ad 070108 36 4.23 ± 2.36 0.31 ± 0.26 0.20 ± 0.13 0.06 ± 0.05
R-ad 070605 62 4.90 ± 3.91 0.15 ± 0.12 0.23 ± 0.17 0.03 ± 0.03
R-ad 151106 42 3.34 ± 2.69 0.17 ± 0.14 0.32 ± 0.33 0.05 ± 0.04
R-ad 070407
I
38 2.68 ± 1.30 0.15 ± 0.07 0.14 ± 0.08 0.03 ± 0.02
R-ad 070407
II
48 3.58 ± 2.00 0.16 ± 0.13 0.19 ± 0.10 0.04 ± 0.04
Mean 3.74 ± 2.45 0.19 ± 0.15 0.21 ± 0.16 0.04 ± 0.03
CV 0.7 0.8 0.8 0.8
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4.1.1 AZs at the pre- and postsynaptic apposition zone
AZs are the morphological correlate for the functional transmitter release sites of a
synapse. Their size, shape, and density are one structural key determinant for synap-
tic strength and reliability of synaptic transmission. They are further characterized by
either the symmetric or asymmetric pre- and postsynaptic densities visible in ultrathin
sections. The apposing pre- and postsynaptic densities are clearly separated from each
other by the characteristic broadening of the synaptic cleft and encompassed by fuzzy
electron-dense material (figure 4.4). At individual L4 input synapses two types of AZs
were found: the majority had pre- and postsynaptic densities that were frequently inter-
rupted (~73%), the remaining AZs showed perforations in either the pre- or postsynaptic
densities or were non-perforated (figure 4.4). For the calculations of the width of the
synaptic cleft, only AZs that were perpendicularly cut through the pre- and postsynaptic
densities were used (figure 4.4).
Figure 4.4: A-B, High power electron micrograph of input synapses (pre) with either a non-perforated
(A) and perforated (B) AZ, both terminating on a on L4 dendritic spine (post) separated through the
synaptic cleft (between the black arrows). The green arrows indicate vesicles which are docked to the
presynaptic membrane. Scale bar is 250 nm.
The vast majority of L4 input synapses (~95%) contained only a single, a few possessed two
AZs and one of the analyzed bouton had three AZs (figure 4.5 and figure 4.10). Individual
AZs varied substantially in both shape and size (figure 4.5). The measured surface area
ranged from very small (0.02 µm2) to very large (1.52 µm2) with a mean surface area of
0.21 ± 0.16 µm2 and a skew was found towards small AZs. The distribution in size was
characterized also by a large variability as indicated by the high CV of 0.8 (table 4.1). On
average, AZs occupied an area of ~5.5% of the total bouton surface area. AZs on dendritic
spines were predominantly observed on the spine head, in rare cases also on their neck.
All completely 3D reconstructed spines were targeted by one, in rare cases by two input
synapses. The different spine forms including, stubby, thin, and mushroom types were
49
Results
all detected on the analyzed L4 dendritic segments and targeted by both, non-perforated
and perforated AZs of variable size and shape (figure 4.5).
Figure 4.5: A-H, Representative examples of perforated (A, B) and non-perforated (C-H) AZs (red) found
on different types of dendritic spines (light blue). Spines had usually only one or at the most two AZs.
Note the different types of spines, ranging from stubby (A, B) to thin (C, D) and mushroom (E-H) type
spines. Scale bar is 250 nm.
Interestingly, so-called puncta adherens, adhesions complexes at the pre- and postsynap-
tic apposition zone, were never observed at L4 input synapses as described for large CNS
boutons like the calyx of Held-principal neuron synapse (Sätzler et al. [2002]), the hip-
pocampal mossy fiber bouton-CA3 pyramidal cell synapse (Rollenhagen et al. [2007]), and
the cerebellar mossy fiber (Xu-Friedman and Regehr [2003]).
4.1.2 Size and organization of the pool of synaptic vesicles
Another key determinant for synaptic efficacy (strength), reliability, and plasticity is
the size and organization of the pool of synaptic vesicles, in particular, the size of the
functionally-defined readily-releasable pool (RRP), recycling pool (RP), and reserve pool.
The size and arrangement of the three pools of the synaptic vesicles critically determines
the mode (univesicular vs. multivesicular) and probability of release (high vs. low re-
lease rates). Synaptic vesicles in L4 input synapses were distributed evenly throughout
the entire terminal without a cluster-like arrangement observed in e.g. the adult mossy
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fiber bouton (figure 4.7) (Rollenhagen et al. [2007]). Two different types of vesicles were
found; small, clear, most probably neuroactive molecules containing vesicles with a mean
diameter of 28.19 ± 4.03 nm and large dense core vesicles with a mean diameter of 67.11
± 6.70 nm. The low CV (0.2 for small clear vesicles and 0.1 for large dense-core vesicles)
reveals that the size of the vesicles was relatively constant. The size of the small clear
vesicles is comparable to that of vesicles in the mossy fiber bouton, but the large dense
core vesicles are a lot smaller (Rollenhagen et al. [2007]). Around 15% of the reconstructed
input synapses contained large dense-core vesicles, in line with a study by Kharazia and
Weinberg [1994] that estimated 20% of the L4 terminals. In previous studies large dense
core vesicles were often seen to fuse with the presynaptic density, one might speculate that
besides being involved in endo- and exocytosis they also contribute to the build-up and
organization of the AZs by releasing piccolo and bassoon (Ahmari et al. [2000]; Shapira
et al. [2003]; Schoch and Gundelfinger [2006]) or the clustering of synaptic vesicles at the
presynaptic density (Mukherjee et al. [2010]).
Table 4.2: Synaptic vesicle pools in L4 input synapses
Synaptic vesicles Pool size
Total pool Putative RRP < 60 nm Putative RP 60 -200 nm Putative reserve
pool 200-500 nm
Animal Mean
No
± SD
Mean
Diam-
eter
± SD
[µm]
µm3 % Mean
No
± SD
% Mean
No
± SD
/ AZ
Mean
No
± SD
% Mean
No
± SD
/ AZ
Mean
No
± SD
%
R-ad
070108
520
± 346
28.32
± 3.47
0.007 2.4 30
± 23
6 29
± 23
105
± 69
20 102
± 67
100
± 85
19
R-ad
070605
660
± 440
30.62
± 3.53
0.01 7.7 34
± 40
5 32
± 38
114
± 94
17 107
± 89
87
± 57
13
R-ad
151106
560
± 417
28.42
± 4.62
0.008 4.5 49
± 39
9 47
± 37
170
± 145
30 162
± 138
119
± 131
21
R-ad
170407
I
704
± 365
26.69
± 4.15
0.008 5.2 46
± 32
7 44
± 30
154
± 108
22 146
± 103
129
± 117
18
R-ad
170407
II
532
± 294
26.88
± 4.38
0.007 4.0 50
± 31
9 45
± 28
136
± 85
26 123
± 77
102
± 77
19
Mean 595
± 372
28.19
± 4.03
0.008 5.0 42
± 33
7 39
± 32
136
± 100
23 128
± 94
107
± 93
18
CV 0.6 0.1 0.7 0.8 0.7 0.9
The size of the total pool of synaptic vesicles varied substantially between individual
boutons (figure 4.8). On average, synaptic boutons contained 595 ± 372 vesicles, ranging
from 38 to 2026 in all analyzed synaptic boutons. The wide range of the synaptic vesicle
pool size showed the high variability in vesicle number among individual boutons.
The total pool of synaptic vesicles at an individual bouton was distributed over 1.06 ± 0.27
AZs resulting in ~561 vesicles per AZ. The average vesicle pool sizes in the rat are e.g. on
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Figure 4.6: A-B, Electron micrograph of input synapses (pre) on L4 dendritic spine (sp) in A and shaft
(sh) in B that contain large dense core vesicles (indicated by a green arrow). Scale bar is 250 nm.
average 16.000 vesicles distributed over 18 AZs (~889 vesicles per AZ) for the adult mossy
fiber bouton in the hippocampus, 25.000 vesicles distributed over 30 AZs (~833 vesicles
per AZ) for the young (P28) mossy fiber bouton in the hippocampus (Rollenhagen et al.
[2007]), around 70.000 for 554 AZs (~126 vesicles per AZ) in the calyx of Held (Sätzler
et al. [2002]), around 200.000 synaptic vesicles at over 330 AZs (~606 vesicles per AZ) in
the cerebellar mossy fiber synapse (Saviane and Silver [2006]). Therefore, the number of
synaptic vesicles per AZ in L4 input boutons is smaller than in the mossy fiber bouton
and similar to the cerebellar mossy fiber, but more than four-fold larger than in the Calyx
of Held. The synaptic vesicles made up a mean volume of 0.008 ± 0.006 µm3 per bouton
that is approximately 5% of the total bouton volume. It is worth to note here, that the
size of the synaptic vesicle pool does not seem to correlate with the size of the synaptic
bouton.
No clear differences with respect to shape or size were found between vesicles of the
different populations of the putative RRP, RP, or reserve pool (figure 4.8).
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Figure 4.7: A-B, Electron
micrographs of two input
synapses (pre) terminat-
ing on L4 dendritic spines
(sp) that show a huge dif-
ference in the numbers of
synaptic vesicles. Bouton
in A also contains a mi-
tochondrium (mit). Scale
bar is 250 nm.
Figure 4.8: A-F, Examples of the total pool of synaptic vesicles (green dots) at individual non-perforated
(A-C) and perforated (D-F) AZs (red). Note the differences in both shape and size of the AZs and the
pool of synaptic vesicles. Scale bar is 250 nm.
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Figure 4.9: A-D, Orga-
nization of the pool of
synaptic vesicles at L4
synaptic boutons. A,
Total vesicle pool (green)
with four large dense
core vesicles (magenta)
at a single AZ (red). B,
Vesicle pool at two AZs.
C, Vesicle pool with two
associated mitochondria
(white), AZ and the
postsynaptic dendritic
spine (light blue). D,
same image as in C, but
with presynaptic (yellow)
instead of postsynaptic el-
ement and 180° vertically
rotated. Scale bar is 250
nm.
Figure 4.10: A, L4 den-
dritic spine (light blue)
with two input synapses
(yellow), terminating on
the spine neck. B, same
picture as in A. Here
the two boutons were
made transparent (yel-
low) to show mitochondria
(white), vesicles (green
dots), large dense core
vesicles (magenta), and
distribution of AZs (red).
Scale bar is 500 nm.
The structural organization of the pool of synaptic vesicles does not allow the clear def-
inition of the functionally distinct pools of synaptic vesicles. Therefore, an attempt was
made to identify subsets of synaptic vesicles as anatomical correlates for the three func-
tional pools of releasable quanta of transmitter as postulated from measurements of release
rates. To define the RRP, the RP, and the reserve pool morphologically, the total number
54
Results
and the average number of synaptic vesicles within a perimeter of 60 nm (~ two vesicle
diameters; for criteria see Rizzoli and Betz [2005]) that could resemble the RRP, at 200
nm (~ five vesicle diameters) for the RP and up to 500 nm (part of the reserve pool) was
estimated (figure 4.12; table 4.2). It has to be noted here, that the number of synaptic
vesicles was directly correlated to the size of individual AZs. Given a linear relationship
between both measurements, a mean vesicle density could be defined.
On average, 42 ± 33 synaptic vesicles (range 1-296 vesicles) that may constitute the
RRP were found within a perimeter of 60 nm at individual AZs (see table 4.2). This
corresponds to 39 ± 32 synaptic vesicles per single AZ. The correlation factor between
the size of the AZ and the number of synaptic vesicles of the RRP was 0.6 (figure 4.11).
The density of synaptic vesicles located with 60 nm distance to the AZ was ~189 / µm2.
In L4 synapses the RRP is approximately 7% of the total pool of synaptic vesicles and
therefore two-fold larger than the fraction of the RRP in the hippocampal mossy fiber
bouton (~4%) and seven-fold larger than the fraction of RRP in the calyx of Held (~1%)
(Sätzler et al. [2002]; Rollenhagen and Lübke [2006]; Rollenhagen et al. [2007]).
The putative RP defined by ~five vesicles diameter (60 – 200 nm distance) contained a
mean of 136 ± 100 synaptic vesicles (range: 14 to 951 vesicles) which is around 23%
of the total pool of synaptic vesicles. In relation to the number of AZs there are 128
± 94 synaptic vesicles per AZ. Similarly, the RP in the hippocampus makes up about
21% of the total vesicle pool. But only around 4% of the vesicles in the calyx of Held
belong to the RP (Sätzler et al. [2002]; Rollenhagen and Lübke [2006]; Rollenhagen et al.
[2007]). The RRP and the RP showed a large variability as indicated by the large SD
and a consistently large CV of about 0.8. Using the 15 vesicles diameter criteria (200 –
500 nm distance) this part of the reserve pool contained 107 ± 93 synaptic vesicles that
is around 18% of the total pool of synaptic vesicles. Like the RRP and RP, the number
of vesicles in the reserve pool is highly variable as indicated by the high SD and the large
CV (~0.8). The total reserve pool defined as all synaptic vesicles that have a distance to
the AZ > than 200 nm contained 417 ± 240 vesicles which is around 70% of the total
pool of synaptic vesicles. This corresponds to 393 ± 226 vesicles per AZ.
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Figure 4.11: Scatter plot
showing the relationship
between the numbers of
synaptic vesicles located
within a perimeter of 60
nm from the AZ and the
area of individual AZs for
L4 boutons. Data points
were fitted by linear re-
gression. The correlation
factor was 0.6.
Figure 4.12: Diagram
showing the mean num-
ber of synaptic vesicles
dependent from their
distance to the AZ for the
Mossy Fiber Bouton in
the hippocampus (grey),
the Calyx of Held (dotted
line), input synapses on
neocortical L4 (orange)
and L5 (blue) dendritic
segments. The vertical
red lines indicated the
different pools. 0-60 nm:
RRP; 60-200 nm: RP; >
200 nm: reserve pool.
A comparison of the measured correlates of the functionally-defined pools (RRP, RP,
and reserve pool) of L4 synapses to synapses in other cortical regions revealed that the
number of vesicles in the RRP of L4 (~39 synaptic vesicles per AZ) was not significantly
different from that of the neocortical L5 synapse and the mossy fiber bouton in the
adult (~41 synaptic vesicles per AZ) and the young (P28) (~36 synaptic vesicles per AZ)
hippocampus, but more than 2-fold larger than that of the calyx of Held (~18 synaptic
vesicles per AZ) (figure 4.12).
Furthermore, the RP of L4 synapses (~136 synaptic vesicles per AZ) is around 3-fold
larger when compared to the calyx of Held (~45 synaptic vesicles per AZ), but smaller
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than at L5 synapses and the adult and young mossy fiber bouton (~211 and ~174 synaptic
vesicles per AZ, respectively) (figure 4.12). Although L4 synapses are among the smallest
in the CNS the size of the RRP and RP is larger when compared to the calyx of Held
and similar to the mossy fiber bouton implicating a high synaptic efficacy and strength.
The putative reserve pool in L4 input synapse is relatively small with only around 393
vesicles per AZ when compared to the L5 synapse and the young (P28) and adult mossy
fiber bouton in the hippocampus with ~600 and ~666 vesicles per AZ, respectively (figure
4.12). However, when estimated for individual AZs the reserve pool is more than 8-fold
larger in L4 than in the calyx of Held.
A comparison of the measured correlates of the functionally-defined pools (RRP, RP, and
reserve pool) of L4 synapses to synapses in other cortical regions revealed that the number
of vesicles in the RRP of L4 was not significantly different from that of the calyx of Held,
but smaller than that of the neocortical L5 synapse and the mossy fiber bouton in the
hippocampus. However, the RP of L4 synapses is 2-3fold larger when compared to the
calyx of Held, but smaller than at L5 synapses and the mossy fiber bouton. Although
L4 synapses are among the smallest in the CNS the size of the RRP, RP, and reserve
pool is large when compared to the calyx of Held implicating a high synaptic efficacy and
strength.
4.1.3 Additional findings
In a few input synapses on L4 dendritic spines or shafts multivesicular bodies were ob-
served. These endosomal organelles are characterized by several internal vesicles that
are enclosed by a single membrane (figure 4.13). They are involved in endocytic and
trafficking functions.
Furthermore, the majority of the L4 dendritic spines included a spine apparatus which
resembles a specialized form of the endoplasmatic reticulum (figure 4.13). They were first
described for cortical spines by Gray and are thought to regulate the mobility of spines
and may play a role in the modulation of short- and long-term plasticity (Gray [1959]).
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Figure 4.13: A, Electron
micrograph of an input
synapse (pre) containing
two multi-vesicular bodies
(mvb) terminating on a L4
dendritic spine (sp). B,
spine (sp) pruning out off
a L4 dendrite (de) con-
taining a spine apparatus
(sa) and is targeted by an
input synapse (pre). Scale
bar is 250 nm.
4.2 3D reconstruction of an electrophysiologically characterized
spiny stellate neuron
Spiny stellate neurons were electrophysiologically characterized by Dr. Guanxiao Qi from
Prof. Feldmeyer group, INM-2, Research Centre Jülich. Excitatory L4 neurons, namely
spiny stellate cells, were classified as excitatory on the basis of their AP discharge pat-
tern, which was described as regular spiking (McCormick et al. [1985]; Feldmeyer et al.
[1999]). They were further identified morphologically as spiny stellate neurons by their
asymmetric dendritic aborization and their confinement to their home column. During
recording, neurons were intracellularly filled with biocytin, visualized in a DAB-reaction,
and prepared for TEM. The neurons investigated were well-labeled containing the dark
DAB reaction product and are therefore easily identifiable in ultrathin sections (figure
4.14).
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Figure 4.14: A, Dendritic segment of an intracellularly filled spiny stellate neuron as revealed in a pre-
embedding DAB reaction with seven input synapses outlined in yellow. The arrow indicates a protrusion
of a putative dendritic spine. B, Synaptic complex framed in A consisting of a presynaptic bouton filled
with vesicles (three of them indicated by an arrow) and the biocytin-filled postsynaptic dendritic segment.
The presynaptic AZ is marked with red asterisks. Scale bar in A is 1 µm and 250 nm in B.
Based on a series of ultrathin sections through a dendritic segment of the spiny stellate
neuron 3D volumetric reconstruction were performed with the software OpenCAR (figure
4.15). Several input synapses predominantly on the dendritic shaft were observed which
were highly-variable in both shape and size comparable to the results obtained from the
conventional-processed tissue. Input synapses were filled with vesicles of variable diameter
and distance from the AZ (figure 4.14 and 4.15). The majority of boutons contained one
mitochondria associated to the synaptic pool of vesicles with different shape and volume
(figure 4.14 and 4.15). The dark and dense DAB reaction product masked all postsynaptic
structures (figure 4.14). Therefore, the AZ and other postsynaptic intracellular structures
could not be analyzed in this approach.
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Figure 4.15: A, 3D
reconstruction of a
dendritic segment of
a biocytin-filled spiny
stellate neuron (blue)
and its input synapses
(yellow). B, synaptic
complex consisting of
two synaptic boutons
(yellow) and their den-
dritic target (blue). Each
bouton contains several
vesicles (green) and one
mitochondrium (white).
The AZ is marked in red.
Scale bar in A is 1 µm
and 250 nm in B.
4.2.1 Excitation and inhibition at L4 spiny stellate neurons
GABAergic interneurons play a major role in the modulation of sensory signals in the CNS
and are critical to balance the excitatory signal flow within a neuron. The ratio between
symmetric (inhibitory) and asymmetric (excitatory) synapses in the cortex was estimated
around 1:5 (Beaulieu et al. [1992]). However, realistic values for individual cortial layers
are to date non-existing. To classify synapses as inhibitory pre-embedding immunohis-
tochemistry against GABA, the most prevalent neurotransmitter of interneurons, was
carried out to examine the relation between excitatory and inhibitory cells in L4 of the
barrel cortex. On ultrathin sections, interneurons were detected by their labeling with
the dark DAB reaction product (figure 4.16). GABA-immunopositive presynaptic end
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terminals terminated on excitatory and inhibitory elements; the postsynaptic elements
were targeted by excitatory as well as inhibitory synapses (figure 4.16). In accordance to
the criteria used by Gray and Colonnier, all detected inhibitory synapses terminated on
dendritic shafts and showed less electron dense material especially at the postsynaptic site
(Gray [1959]; Colonnier [1968]). They could therefore be classified as type II of symmetric
synapse.
Figure 4.16: A, Electron micrograph of a L4 dendritic segment (de) with a GABAergic input synapse (inh
sb) which also targets an inhibitory postsynaptic element (inh post) surrounded by GABAergic processes
(inh) as revealed by pre-embedding immunohistochemistry. B, same image as in A, structures colored as
follows: de in light blue, inh sb in light brown, inh post in dark blue and inh in dark brown. The AZs
are marked in red. Scale bar is 250 nm.
In a series of 39 sections, two dendritic segments and their input synapses were 3D recon-
structed. The vast majority of input synapses were GABA-immunonegative. One of the
dendritic segments was around 12 µm long and received six excitatory input synapses, but
was not targeted by inhibitory end terminals, although it was surrounded by inhibitory
processes. The second dendrite had a length of around 15 µm and its shaft was targeted
by two inhibitory input synapses. On the contrary, nine excitatory input synapses termi-
nated on its shaft and spines and outnumbered the inhibitory synapses by a ratio of 9:2
supporting the findings by Beaulieu et al. [1992]. The size and shape of the inhibitory
synaptic boutons seemed to be similar to excitatory synapses. The total number of the
vesicle pool appeared to be lower in inhibitory synaptic boutons (figure 4.17). However,
the number of analyzed inhibitory synaptic boutons was low. Therefore, structural pa-
rameters such as the size of the synaptic boutons, the number and size of the synaptic
pool of vesicles, and the number and size of the AZs was not assessed quantitatively for
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GABAergic input synapses.
Figure 4.17: 3D recon-
struction of an excita-
tory (yellow) and an in-
hibitory (orange) input
synapse with their vesi-
cles (green), mitochon-
drium (white) and AZs
(red) on a L4 dendritic
spine and shaft respec-
tively. Scale bar is 300
nm.
4.3 Isolation of individual L4 synapses by fine astrocytic processes
Glial cells, in particular astrocytes and their fine processes, have been shown to play
an important role in synaptic behavior by active uptake and removal of spilled gluta-
mate from the synaptic cleft and by physically isolating synaptic complexes from each
other (for review, see Danbolt [2001]). Pre-embedding immunohistochemistry against glu-
tamine synthetase, a key enzyme in astrocytes, was carried out to examine the structural
interactions between individual L4 input synapses and astrocytes, in particular their fine
processes (figure 4.18. In two series of ultrathin sections (n > 50), L4 input synapses,
their postsynaptic target dendrites or spines, and the astrocytic processes were 3D recon-
structed (figure 4.19). The surface area of individual boutons and their target structures
were almost completely surrounded by fine astrocytic processes (figure 4.18, figure and
4.19). The synaptic complex consisting of an individual bouton and its postsynaptic tar-
get dendrite or spine is physically isolated not only from the surrounding neuropil, but
also from neighboring synaptic complexes (figure 4.19). Glial fingers were observed to
reach as far as to individual AZs and even the synaptic cleft. Both, AZs located at den-
dritic shafts and at spiny excrescences were contacted by astrocytic processes. Therefore,
it is likely that astrocytes at L4 synapses play a major role in synaptic transmission by
preventing glutamate spill-over. This is in line with findings at synapses in L5 of the neo-
cortex (Rollenhagen and Lübke [2006]) and the cerebellar climbing fiber (Xu-Friedman
et al. [2001]), but in contrast to findings at the mossy fiber bouton where glial fingers
were never seen to reach as far as to individual AZs (Rollenhagen et al. [2007]).
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Figure 4.18: A-B, Relationship of individual input synapses (sb) outlined in yellow, L4 dendritic (de)
spines (sp) contoured in light blue and astrocytic processes (glia) outlined in white as revealed by pre-
embedding immunohistochemistry against glutamine synthetase. C-D, Synaptic complex framed in A
and B at higher magnification showing that the glial fingers (indicated by green arrows) reach the AZ of
the synapse. Scale bar in A-B is 250 nm, and 100 nm in C and D.
63
Results
Figure 4.19: A, 3D reconstruction of a synaptic bouton (yellow) with mitochondria (white) and vesicles
(green) and its postsynaptic target structure (light blue) with surrounding glia (purple outlines). B, the
same image as in A, but 90° rotated. C, same image as in A without mitochondria, but showing the AZ
(red). D, same image as in C but 90° vertically rotated. Scale bar is 250 nm.
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4.4 AMPA- and NMDA-receptor distribution profile at PSDs of L4
neurons as revealed by immunohistochemistry in FFR
preparations
4.4.1 Identification and size of L4 PSDs
Electrophysiological studies on synaptically coupled pairs of excitatory L4 neurons with
either L4 or L2/3 and L5 pyramidal neurons have shown that uEPSP amplitudes are
mediated mainly by postsynaptic glutamate receptors of the AMPA- and NMDA-type
(Feldmeyer et al. [1999]; Silver et al. [2003]; Feldmeyer et al. [2005]; Feldmeyer et al.
[2006]). Both receptors are therefore found at L4 synapses; but their density, distribution
pattern, and rate of co-localization are at present unknown. However, this knowledge
would have an important impact to further understand synaptic transmission and plas-
ticity at these synapses. One important goal of this work was to visualize and quantify for
the first time the density, distribution pattern, and possible co-localization of the AMPA-
and NMDA-receptors and their subunits, at the entire AZ of synapses in the neocortex
using a self-developed software that allows to generate individual maps (fingerprints) of
receptor distribution at single AZs.
The site of the postsynaptic element where most of the released neurotransmitter binds
to its appropriate receptor is called PSD. In FFR preparations these membrane special-
izations are indicated by a cluster of IMPs on the E-face of the plasma membrane (Harris
and Landis [1986]) and could be found on dendritic shafts and spines. PSDs are often ac-
companied by the P-face of its presynaptic plasma membrane, which can also be densely
covered by IMPs (figure 4.20).
Figure 4.20: FFR prepa-
ration showing a L4 spine
(A) and shaft (B) synapse
of an excitatory L4 neuron
consisting of the presy-
naptic P-face (transpar-
ent blue) and the postsy-
naptic E-face (transparent
gold). PSDs were outlined
in red. Scale bar is 250
nm.
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In FFR through the barrel field in L4 a total of 408 spine and 356 shaft AMPA (GluR1-4)-
or NMDA (NR1)-receptor immunopositive PSDs from three different adult rats (at least
two FFR and 50 spine and 50 shaft PSDs per antibody and per animal) were analyzed.
A PSD was considered immunopositive-labeled by containing at least three gold particles
labeling the AMPA- or NMDA-receptor and their subunits and no intense background
labeling was observed. To compare the total size of an average PSD formed on either a
dendritic shaft or spine; only surface areas of IMP clusters that were complete and not
truncated were examined. Immunopositive and complete PSDs were outlined as contours
in OpenCAR as described earlier (see chapter 3.3.1). The average surface area of PSDs
at AZs on dendritic segments of L4 neurons was 0.05 ± 0.03 µm2, with a mean for spine
PSDs of 0.04 ± 0.03 µm2 and for shaft PSDs of 0.06 ± 0.03 µm2, respectively (table 4.3).
As indicated by the SD and the CV (~0.6 for spine PSDs and ~0.6 for shaft PSDs) a high
variability in surface area between individual spine and shaft PSDs could be observed
ranging from very small to large PSDs (figure 4.21 and 4.24). In addition, no significant
difference in the distribution of surface areas between PSDs that were labeled for either
AMPA- or NMDA-receptors was found (p > 0.05).
Figure 4.21: Boxplots showing the distribution of PSD surface area including minimum, maximum (dashed
lines), mean (thick black line within boxes), first and third quantile of the analyzed spine (blue) and shaft
(green) PSDs at L4 dendritic segments that were immunopositive for (A) AMPA or (B) the NR1-subunit
of the NMDA-receptor separated for the three analyzed rats.
The mean in synaptic area was not distributed normally (figure 4.22). The spine PSDs
had a surface area ranging from 0.01 to 0.16 µm2, with the majority of spine PSD size
(~73%) between 0.02 and 0.05 µm2. Shaft PSDs had a size ranging from 0.01 to 0.18
µm2 and seemed to be more evenly distributed over a size range from 0.03 to 0.08 µm2
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(~74% of the shaft PSDs) (figure 4.22, 4.23 and 4.24). Shaft PSDs on L4 neurons were
on average significantly larger than spine PSDs by ~1.4 fold (p<0.01).
The cumulative frequency analysis illustrated that the vast majority of spine PSDs in
L4 were small with only a few PSDs (~8%) that were larger than 0.09 µm2. On the
contrary, shaft PSDs had considerable fewer PSDs with small surface areas than spine
PSDs, but included many large PSDs (~18% of the shaft PSDs are larger than 0.09 µm2) as
indicated by the cumulative histograms (figure 4.23). There was no significant difference
in the characteristics of the graphs between AMPA- and NR1-immunopositive PSDs as
expected (figure 4.23).
Table 4.3: Number and size of shaft and spine PSDs for individual animals
PSD
Animal-ID Location Number Minimum
size [µm2]
Maximum
size [µm2]
Mean size
± SD [µm2]
R-ad
040809A
Spine 155 0.007 0.152 0.038
± 0.022
R-ad
040809A
Shaft 106 0.010 0.127 0.052
± 0.025
R-ad
040809B
Spine 128 0.009 0.163 0.043
± 0.029
R-ad
040809B
Shaft 120 0.012 0.193 0.063
± 0.034
R-ad 160810 Spine 125 0.011 0.159 0.048
± 0.028
R-ad 160810 Shaft 130 0.009 0.225 0.063
± 0.039
Mean Spine 0.009 0.158 0.043
± 0.026
Shaft 0.010 0.182 0.059
± 0.033
CV Spine 0.6
Shaft 0.6
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Figure 4.22: A-B, Bar histograms showing the distribution of PSD surface areas for all immunogold-
labeled PSDs in L4 (A), L4 shaft PSDs and L4 spine PSDs separately (B).
Figure 4.23: A-B, Cumulative frequency analysis plot of the distribution of surface area of all analyzed
PSDs, (A) divided into shaft (green line) and spine (blue line) PSDs and (B) immunopositive for the
AMPA-receptor (green line) and the NMDA- (NR1) receptor (blue line).
68
Results
Figure 4.24: 3D- (A, C, E) and 2D- (B, D, F) density plot of the distribution of PSD surface areas for all
analyzed PSDs in L4 (A, B), separated for shaft (C, D), and spine (E, F) PSDs.
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4.4.2 Co-localization of AMPA- and NMDA-receptors at individual L4 PSDs
As already mentioned earlier, electrophysiological studies on synaptically coupled pairs of
L4 excitatory neurons have shown that uEPSP are mediated by both AMPA- and NMDA-
receptors. It is, however, unclear how both receptors are co-localized at L4 synapses. Do
AMPA- and NMDA-receptors form distinct domains clearly separated from each other
or are they intermingled at AZs? Or do they form cluster-like arrangements occupying
specific locations (central vs. lateral regions) of the AZ and finally are they found both
pre- and / or postsynaptically? In a double immunohistochemical approach AMPA-
and NMDA-receptors were simultaneously labeled in FFR. Here, the secondary antibody
binding to the AMPA-receptor primary antibody was coupled to 5 nm large gold particles.
The secondary antibody binding to the NR1-subunit primary antibody was coupled to a
10 nm large gold particle and vice versa to distinguish between both receptor subtypes
at individual PSDs. In all investigated E-face shaft and spine PSDs both glutamatergic
receptor subtypes were found. Since 10 nm gold particles are relatively large this might
prevent further binding of gold particles in direct proximity due to steric hindrance.
Therefore, the distribution of both receptors at the PSDs was not quantified due to a
most likely underestimation of the receptors with the double labeling approach.
Figure 4.25: Abundance
of AMPA (GluR1-4)- and
NMDA (NR1)-receptors
at shaft PSDs (red con-
tours) as revealed by
immunogold labeling.
AMPA receptors were
labeled with 5 nm (A) and
10 nm (B) gold particles;
NR1 was labeled with 10
nm (A) and 5 nm (B).
Scale bar is 100 nm.
The double labeling experiments demonstrated that both glutamate receptor subtypes
were present at both shaft and spine synapses. Interestingly, the expression pattern
for both receptors varied substantially between individual PSDs (figure 4.25). Secondly,
the AMPA-receptor was always found postsynaptically, whereas the NR1-subunit of the
NMDA-receptor was found pre-as well as postsynaptically but its presynaptic location
was rare (below 5% of the AZs investigated). Finally, the majority of the gold particles
70
Results
for both receptors was observed within the IMP clusters with only a few gold particles
found at extrasynaptic sites suggesting a dense coverage by both receptors of the intrasy-
naptic region of the AZ. This finding is of importance while a dense occupation of the
intrasynaptic region would contribute to synaptic efficacy and strength mediated mainly
by the AMPA-receptors and the modulation of the signals by the NMDA-receptor thus
contributing to synaptic plasticity.
4.4.3 Density and Distribution of AMPA- and NMDA-receptors at PSDs in L4 of
the barrel cortex
Correlated FFR and electrophysiological recordings showed that a single gold particle cor-
responded to each functional AMPA-receptor (Tanaka et al. [2005]). Therefore, in FFR
preparations single labeling immunohistochemistry against the AMPA-receptor subunits
GluR1-4 (panAMPA) or the NR1 subunit of the NMDA-receptor was carried out to an-
alyze and quantify the density and distribution pattern of these receptors at individual
PSDs. Finally, this approach would allow the generation of receptor distribution maps at
individual PSDs leading to so-called synaptic fingerprints. Both primary antibodies used
bind to extracellular domains of their antigen, which are only accessible on the E-face
of the plasma membrane. Therefore, only E-face fractured plasma membranes were ana-
lyzed. Small areas of plasma membrane expressed high immunogold densities coinciding
with a concentration of IMPs of a characteristic size and shape. The high immunogold
density abruptly decreased (thinned out) at the edges (borders) of the IMP cluster. At
the extrasynaptic plasma membrane scattered immunogold particles of varying density
could be frequently observed which could not be allocated to particular IMPs, although
an association could not be excluded.
All inspected and analyzed spine and shaft E-face PSDs were immunopositive when la-
beled with either mouse primary antibody against NR1 or rabbit primary antibody against
panAMPA suggesting that these IMP-clusters represented the postsynaptic specialization
of namely glutamatergic synapses.
In FFR dendritic spines in L4 contained one or less often two PSDs, located either on
their neck and/or head, the former one was less covered by PSDs (figure 4.26).
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Table 4.4: Density of gold particles per PSD and correlation between gold particles and PSD size
Animal-ID Antibody Location Mean No of gold
particle ±SD per
PSD
Mean No of gold
particle ± SD per
µm2
Correlation of No
of gold particles
and PSD size
R-ad 040809A AMPA Spine 30 ± 25 865 ± 726 0.85
R-ad 040809A AMPA Shaft 20 ± 11 435 ± 237 0.39
R-ad 040809A NR1 Spine 18 ± 10 438 ± 241 0.37
R-ad 040809A NR1 Shaft 33 ± 18 583 ± 313 0.43
R-ad 040809B AMPA Spine 29 ± 19 624 ± 403 0.62
R-ad 040809B AMPA Shaft 26 ± 18 422 ± 300 0.46
R-ad 040809B NR1 Spine 15 ± 9 385 ± 229 0.47
R-ad 040809B NR1 Shaft 39 ± 34 594 ± 517 0.67
R-ad 160810 AMPA Spine 19 ± 12 385 ± 235 0.72
R-ad 160810 AMPA Shaft 17 ± 10 271 ± 161 0.66
R-ad 160810 NR1 Spine 14 ± 8 299 ± 170 0.55
R-ad 160810 NR1 Shaft 28 ± 21 442 ± 328 0.57
Mean AMPA Spine 26 ± 18 625 ± 454 0.73
AMPA Shaft 21 ± 13 376 ± 232 0.50
AMPA Spine and shaft 23 ± 16 500 ± 343 0.50
NR1 Spine 16 ± 9 374 ± 213 0.46
NR1 Shaft 33 ± 24 540 ± 385 0.56
NR1 Spine and shaft 24 ± 16 457 ± 299 0.59
CV AMPA Spine 0.7
AMPA Shaft 0.6
NR1 Spine 0.6
NR1 Shaft 0.7
Figure 4.26: FFR of
two dendritic spines
with PSDs (indicated by
arrows), immunolabeled
for the AMPA (GluR1-4)-
(A) or NMDA (NR1)- (B)
receptor accompanied by
the P-face presynaptic
element (transparent
blue) in B. Scale bar is
100 nm.
The PSD coverage along dendritic shafts was highly variable. A maximum of around 3
PSDs / µm shaft length was detected (figure 4.27).
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Figure 4.27: FFR of
two dendritic segments
with PSDs (indicated by
arrows), immunolabeled
for the AMPA (GluR1-4)-
(A) or NMDA (NR1)- (B)
receptor and accompanied
by the P-face presynaptic
element (blue). Scale bar
is 100 nm.
AMPA-receptors occupied both, shaft and spine PSDs. In general, a mean of 23 ± 16
gold particles per PSD was measured in all 352 AMPA-receptor immunopositive PSDs
analyzed. A density plot of the gold particle distribution with normalized, randomly-
orientated PSD surface areas showed that AMPA receptors seemed to be evenly dis-
tributed over the entire spine of shaft PSD. The very few hotspots at the lateral edges of
the PSD were regarded as noise due to the low number of large PSDs (figure 4.28).
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Figure 4.28: Normalized density plots of the AMPA-receptor occupancy at L4 spine (A-B) and shaft
(C-D) PSDs illustrated in a 2D- (A, C) and a 3D- (B, D) plot. Blue indicates the lowest abundance of
AMPA-receptors, whereas red labels the most occupied areas of the PSD.
There were significant differences in the density of AMPA-receptor immunolabeling be-
tween shaft and spine PSDs as revealed in the density plot (figure 4.28). Figure 4.29
shows examples of AMPA-receptor immunopositive spine PSDs. A mean density of 26 ±
18 gold particles per PSD was calculated for all 216 spine PSDs. The SD and CV (0.7)
indicated a high variability in receptor occupancy among individual PSDs. With respect
to the PSD surface area there were 625 ± 454 AMPA-receptors / µm2 spine PSD (table
4.4). AMPA-receptors were detected on both, perforated and non-perforated PSDs, the
former one believed to represent a more efficacious type of synapse.
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Figure 4.29: A-D, Four representative examples of spine PSDs (red contours) immunolabeled for the
AMPA (GluR1-4)-receptor. (E) OpenCAR outlines of spine PSDs (red contours) occupied with AMPA-
receptor labeling (blue dots). Note the differences in both the expression of the AMPA-receptors and the
shape and size of individual PSDs. Scale bar is 100 nm.
L4 shaft PSDs expressed on average 21 ± 13 gold particles per PSD resulting in 376 ±
232 AMPA-receptors / µm2, significantly less AMPA-receptors per shaft PSD compared
to spine PSDs (Welch two sample t-test: t=3.5; P<0.001) (table 4.4). Again both,
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perforated and non-perforated shaft PSDs were AMPA-receptor immunopositive (figure
4.30) and were occasionally found in close proximity on L4 dendritic shafts. Similar to
spine PSDs a high variability in receptor expression was observed in all investigated shaft
PSDs as indicated by the SD and the CV (0.6). AMPA-receptors were expressed around
1.2-fold more on spine than on shaft PSDs. With respect to the surface area of the PSDs
the density of the AMPA-receptor at spine PSDs is even 1.7-fold higher than at shaft
PSDs.
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Figure 4.30: A-D, Four representative examples of shaft PSDs (red contours) immunolabeled for the
AMPA (GluR1-4)-receptor. (E) OpenCAR outlines of shaft PSDs (red contours) occupied with AMPA-
receptor labeling (blue dots). Note the differences in both the expression of the AMPA-receptors and the
shape and size of individual PSDs. Scale bar is 100 nm.
The NR1 subunit of the NMDA-receptor was present at all spine and shaft PSDs inves-
tigated. From all 412 NR1-subunit immunopositive PSDs an average of 24 ± 16 gold
particles per PSD was calculated. A density plot of the gold particle distribution with
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normalized PSD size showed that NMDA-receptors were evenly distributed throughout
the PSD (figure 4.31); no clear cluster-like arrangements could be observed. The very few
lateral hotspots were again a result of the low number of large PSDs.
Figure 4.31: Normalized density plots of the NMDA-receptor occupancy at L4 spine (A-B) and shaft
(C-D) PSDs as illustrated in a 2D- (A, C) and a 3D- (B, D) plot. Blue indicates the lowest abundance
of NMDA-receptors, whereas red labels the most occupied areas of the PSD.
On the 192 analyzed spine PSDs a mean of only 16 ± 9 NMDA-receptors per PSD and
374 ± 213 NMDA-receptors / µm2 was found (table 4.4). The SD and the CV (~0.6)
indicated that the variability of the NMDA-receptor occupancy is relatively variable. On
the contrary, on average 33 ± 24 gold particles per PSD resulting in 540 ± 385 / µm2
were detected on the 226 investigated shaft PSDs (table 4.4). Again the SD and the CV
(~0.7) indicated the high variability. It should be noted here that the NR1-subunit was
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expressed by more than two-fold on shaft PSDs when compared to spine PSDs (Welch two
sample t-test: t=7.2; P<0.001) although NR1 occupancy for both spine and especially
shaft PSDs is remarkably variable. In relation to the size of the PSD the occupancy of
the NMDA-receptor at shaft PSDs is 1.4-fold higher than at spine PSDs. Perforated and
non-perforated PSDs on dendritic shafts and spines were equally labeled by gold particles
(figure 4.32 and 4.33).
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Figure 4.32: A-D, Four representative examples of spine PSDs (red contours) immunolabeled for the
NMDA (NR1)-receptor. (E) OpenCAR outlines of spine PSDs (red contours) occupied with NMDA-
receptor labeling (blue dots). Note the differences in both the expression of the NMDA-receptors and
the shape and size of individual PSDs. Scale bar is 100 nm.
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Figure 4.33: A-D, Four representative examples of shaft PSDs (red contours) immunolabeled for the
NMDA (NR1)-receptor. (E) OpenCAR outlines of shaft PSDs (red contours) occupied with NMDA-
receptor labeling (blue dots). Note the differences in both the expression of the NMDA-receptors and
the shape and size of individual PSDs. Scale bar is 100 nm.
The AMPA-receptor expression on shaft and spine PSDs was significantly different when
compared to the NR1-subunit (table 4.4). Interestingly, spine PSDs were significantly
more (1.7-fold) occupied by AMPA-receptors than by NMDA-receptors (p < 0.01). On
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the contrary, the NR1-subunit of the NMDA-receptor was significantly higher expressed
(1.6-fold) on shaft PSDs than AMPA-receptors (p < 0.01).
4.5 Correlation between the number of AMPA- and
NMDA-receptors and PSD surface area
Do synapses with a larger PSD express more AMPA- and NMDA-receptors or in other
words: is there a correlation between PSD size and the number of gold particles? There-
fore, for each shaft and spine PSD the number of gold particles either representing AMPA-
or NMDA-receptors was plotted against the associated PSD surface area. The number of
gold particles labeling AMPA- and NMDA-receptors had a positive medium correlation
to the PSD surface area of all analyzed PSDs (Pearson correlation test, two-tailed; r=0.50
for AMPA, r=0.59 for NR1) (table 4.4).
In a next step, the correlation between the number of AMPA- or NMDA-receptors at
shaft or spine PSDs was analyzed. The number of AMPA-receptors had a weak positive
correlation to the size of shaft PSDs (r=0.45), but a significant higher correlation factor
for spine PSDs (r=0.62). With respect to the size of the PSD AMPA-receptors showed a
density of around 385 receptors / µm2 at shaft PSDs and around 658 receptors / µm2 at
spine PSDs. Therefore, the AMPA-receptor occupancy nearly doubles between spine and
shaft PSDs with respect to the size of the PSD. The correlation factor implied a weak
correlation between the number of NMDA-receptors and the size of spine PSDs (r=0.43)
and a higher correlation to the surface area of shaft PSDs (r=0.58) (table 4.4). The
relation of the number of NMDA-receptor to the surface area of the PSD revealed that
shaft PSDs show a NMDA-receptor density of 395 receptors / µm2 PSD whereas spine
PSDs are occupied by 550 receptors / µm2. Table 4.4 summarizes the mean PSD size,
the number of gold particles per PSD and the correlation between the number of gold
particles and PSD size for individual PSD subgroups.
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Figure 4.34: Correlation between the number of AMPA- (blue quadrangles) or NMDA- (green quadran-
gles) receptors at spine (A) or shaft (B) PSD.
4.5.1 Presynaptic abundance of AMPA- and NMDA-receptors at L4 synapses
In FFR the abundance of AMPA- and NMDA-receptors was observed on a few E-face
presynaptic elements. As already mentioned above presynaptic labeling was sparse and
without any cluster-like arrangement. For the AMPA-receptor only gold particles within
or in close proximity to the synaptic cleft were found (figure 4.35), the majority (~95%)
of the AMPA-receptors was found at the presynaptic site. In contrast the NR1-subunit of
the NMDA-receptor was located presynaptically. However, the number of immunopositive
presynaptic terminals was too small to quantify the receptor distribution.
Figure 4.35: Abundance
of (A) AMPA (GluR1-4)-
and (B) NMDA (NR1)-
receptors (green arrows)
at L4 presynaptic termi-
nals. Scale bar is 100 nm.
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4.5.2 Extrasynaptic expression of AMPA- and NMDA-receptors at L4
In FFR immunolabeling of AMPA- and NMDA-receptors was qualitatively analyzed in
the same E-face images that were taken for distribution profiles of postsynaptic labeling.
E-face spines and shafts were diffusely labeled by extrasynaptic gold particles without any
cluster-like arrangement. However, labeling was most prevalent in close proximity to the
PSD and might be associated with single IMPs (figure 4.36). The density of extrasynaptic
labeling was not assessed quantitatively.
Figure 4.36: Extrasy-
naptic abundance of
(A) AMPA (GluR1-4)-
and (B) NMDA (NR1)-
receptors (indicated by
arrows) in close proximity
to L4 shaft PSDs (red
contour). Scale bar is 100
nm.
4.5.3 Expression of the NMDA-receptor subunits NR2A and NR2B at L4 shaft
and spine PSDs
The NMDA-receptor is composed of five subunits. Besides the obligatory NR1-subunit,
NR2A-D are the other subunits of the NMDA-receptor although it is controversially dis-
cussed whether all subunits are expressed in adulthood. On L4 PSDs their expression
was sparse as revealed by single-immunolabeling on FFR preparations. Only few L4
PSDs (~10%) were immunopositive for these receptor subunits and contained more than
three gold particles. The abundance of the NR2A- and NR2B-subunits was therefore not
assessed quantitatively. Both receptor subunits occupied shaft as well as spine L4 PSDs,
but their density on individual immunopositive PSDs was low. The NR2A subunit seemed
to be more present on shaft than spine PSDs, whereas the NR2B subunit preferentially
occupied spine PSDs. The distribution pattern was thought to be similar for both recep-
tor subunits. Gold particles were mainly observed at the lateral edges of the PSD and
were nearly absent at the PSD center (figure 4.37).
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Figure 4.37: Abundance of the NR2A (A, B)- and NR2B (C, D)- subunit of the NMDA-receptor at spine
(A, C) and shaft (B, D) PSDs (red contours) as revealed by immunogold labeling on FFR. Scale bar is
100 nm.
4.6 Effects of GABAA- and GABAB-receptor agonists on behavioral
phenotypes relevant to schizophrenia
4.6.1 Pharmacological effects on PPI and acoustic startle response
The inhibition of an acoustically evoked startle reaction by a prepulse of different stimuli
intensities (69, 73, or 81 dB) was tested in NR1neo-/- and WT mice. Both genotypes
exhibited an increase in PPI of the acoustic startle response with increasing tone intensity
of the prepulse (F2,122=99.2, P<0.001). There was a significant effect on genotype with
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NR1neo-/- mice displaying a deficit in PPI (F1,56=25.8, P<0.001) (figure 4.38).
During PPI measurement the startle response of the mice was recorded. Both geno-
types exhibited an increase in mean startle amplitude with increasing pulse intensity
(F7,391=152.1, P<0.001). However, the NR1neo-/- mice showed a significantly elevated
mean acoustic startle amplitude when compared to their WT littermates (F1,56=33.0,
P<0.001) (figure 4.38).
Figure 4.38: PPI of NR1neo-/- (black columns) and WT (grey columns) mice in response to treatment with
either Baclofen (A), Risperidone (B), or L838,417 (C). (A) In NR1neo-/- mice Baclofen treatment reversed
PPI deficits (drug: P=0.02) with no effect in WT mice. (B) Risperidone increased PPI in NR1neo-/- mice
(group x drug: P<0.03). (C) PPI deficit in NR1neo-/- mice were normalized by L838,417 (group x drug:
P<0.002).
Animals were treated with an increasing dose of Baclofen, L838,417, and Risperidone to
examine the effect of GABA-receptor agonists and the D2-receptor antagonist on the PPI
deficits in NR1neo-/- mice.
The reduction of PPI observed in NR1neo-/- mice was reversed by the GABAB-receptor
agonist Baclofen (drug: F2,28=4.3, P=0.02) (figure 4.39). The minimal effective dose
given as a single injection was 2.5 mg/kg. There was no significant effect of Baclofen
on PPI in WT mice (drug: F2,26=0.9, P=0.4) (figure 4.39). To demonstrate that the
normalization of the PPI impairment was not due to habituation mice were injected with
saline as vehicle two days after the last Baclofen treatment and PPI deficits in NR1neo-/-
mice occurred again (figure 4.39).
The treatment with the GABAA-receptor agonist L838,418 showed a significant group
x drug interaction effect (group x drug: F2,24=8.3, P<0.002, post-test) and normalized
PPI deficits in NR1neo-/- mice (figure 4.39). The minimal effective dose was 10 mg/kg.
Comparable to Baclofen, there was no effect in WT animals (drug: F2,21=1.6, P=0.2)
and PPI deficits appeared in NR1neo-/- mice after drug treatment (figure 4.39).
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A single injection of the D2-antagonist Risperidone significantly increased PPI in NR1neo-/-
mice indicated by the group x drug interaction analysis (group x drug: F2,26=4.1, P<0.03,
post-test) (figure 4.39). The minimal effective dose was 0.1 mg/kg. Likewise, no significant
effect in WT littermates was observed (drug: F2,21=0.3, P=0.8) and PPI was again
reduced in NR1neo-/- mice two days after the last Risperidone injection (figure 4.39).
Figure 4.39: PPI of NR1neo-/- (black columns) and WT (grey columns) mice in response to treatment with
either Baclofen (A), Risperidone (B), or L838,417 (C). (A) In NR1neo-/- mice Baclofen treatment reversed
PPI deficits (drug: P=0.02) with no effect in WT mice. (B) Risperidone increased PPI in NR1neo-/- mice
(group x drug: P<0.03). (C) PPI deficit in NR1neo-/- mice were normalized by L838,417 (group x drug:
P<0.002).
Furthermore, drug effects were investigated on the acoustic startle response. Baclofen nor-
malized the sensory hyperactivity observed in NR1neo-/- mice in a dose-dependent fashion
(group x drug: F2,28=5.14, P=0.01; post-tests) (figure 4.40). The minimal effective dose
was 2.5 mg/kg. Baclofen had no significant effect on the mean startle response in WT
mice (drug: F2,26=1.2, P=0.3). Normalization of the startle response diminished after
Baclofen treatment (figure 4.40).
Neither L838,417 (drug: F2,24=2.7, P=0.09) or Risperidone (drug: F2,26=0.14, P=0.9)
had any effect on mean startle response in NR1neo-/- mice, although L838,417 trended
towards making startle responses worse. Likewise, L838,417 (drug: F2,24=2.7, P=0.09)
and Risperidone (drug: F2,26=0.14, P=0.9) had no effect on mean startle response in
WT littermates (figure 4.40).
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Figure 4.40: Acoustic startle response of NR1neo-/- (black columns) and WT (grey columns) mice in
response to treatment with either Baclofen (A), Risperidone (B), or L838,417 (C). (A) In NR1neo-/- mice
Baclofen treatment significantly reduced startle response (group x drug: P=0.01) with no effect in WT
mice. (B) Risperidone and (C) L838,417 had no significant effect on startle response (L838,417: drug:
P=0.09) (Risperidone: drug: P=0.9).
4.6.2 Pharmacological effects on LMA
LMA which is believed to be a biomarker for the positive symptoms of schizophrenia was
measured in NR1neo-/- and WT mice and drug effects were investigated. NR1neo-/- mice
displayed extreme hyperactivity in a novel environment at baseline (group: F1,13=30.8,
P<0.0001; n=7-8/group). Baclofen significantly reduced LMA (drug: F2,42=9.0,
P<0.001; n=7-8/group); the minimal effective dose was 2.5 mg/kg. However, Baclofen
also decreased LMA in WT littermates (drug: F2,42=15.3, P<0.001). After drug treat-
ment LMA returned to the elevated baseline level (figure 4.41). Risperidone with its
sedative action normalized locomotor hyperactivity in NR1neo-/- mice (drug: F2,36=31.1,
P<0.0001, n=10/group), but had no effect on LMA in WT mice. LMA in NR1neo-/- mice
was again elevated when vehicle was administered on the last testing day (figure 4.41).
L838,417 had no effect on LMA levels in none of the test groups (drug: F2,20=0.01,
P=1.0, n=7/group) (figure 4.41).
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Figure 4.41: LMA in NR1neo-/- (black line) and WT (grey line) mice in response to treatment with either
Baclofen (A), Risperidone (B), or L838,417 (C). (A) In NR1neo-/- and WT mice Baclofen treatment
significantly reduced LMA (drug: P<0.001). (B) Risperidone normalized locomotor hyperactivity in
NR1neo-/- mice (drug: P<0.0001) (C) L838,417 had no significant effect on LMA (drug: P=1.0).
4.6.3 Pharmacological effect on sociability
To measure differences in sociability between NR1neo-/- and WT mice their behaviour to-
wards an unknown gonactomized A/J mouse as a stimulus mouse was tested. The social
behaviour of the animals was analyzed by the number and time of interactions between
the test and the stimulus mouse expressed as sniffing events. In Phase 1 test mice were
habituated to the apparatus in absence of the stimulus mouse. Here, no sniffing preference
between the two cylinders designated as social and non-social cylinder was observed as
expected (group: F(2,49)=17.4, P=0.9 for number of sniffing events; group: F(2,49)=0.1,
P=0.9 for sniffing time) (figure 4.42). At the beginning of Phase 2 an A/J mouse was
introduced into the so-called social cylinder. NR1neo-/- and WT mice displayed a signif-
icantly higher level of approach towards the social than the non-social cylinder (group:
F(2,49)=9.2, P<0.001) and spent significantly more time investigating the cylinder with
the stimulus mouse than the empty non-social cylinder (group: F(2,49)=19.3, P<0.001)
(figure 4.42). NR1neo-/- mice showed higher interest in the social cylinder as indicated by
39 ± 6 sniffing events with a duration of 85.4 ± 13.6 s compared to 19 ± 4 sniffing events
lasting 34.2 ± 8.3 s for the non-social cylinder. Similarly, WT mice expressed only a low
level of investigation towards the non-social cylinder (sniffing events: 19 ± 3, duration:
30.8 ± 4.4 s), but in contrast exhibited a very high level of approach towards the stim-
ulus mouse (sniffing events: 60 ± 7, duration: 199.1 ±27.2 s). Although NR1neo-/- mice
displayed a preference for the social cylinder, they showed significantly less sniffing events
(F(1,50)=17.4, P<0.001) and spent less time sniffing the stimulus mouse than their WT
littermates (F(1,50)=38.6, P<0.001) (figure 4.42).
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Figure 4.42: Number (A) and duration (B) of sniffing events of NR1neo-/- and WT mice on the non-social
and social cylinder in absence (phase 1) or presence (phase 2) of a stimulus mouse. In phase 1 there was
no significant difference in number or duration of sniffing events between non-social and social cylinder
(group: P=0.9 for number and time). In phase 2 mice displayed a higher approach towards the social
cylinder (group: P<0.001). NR1neo-/- mice showed significantly less sniffing events (P<0.001) and spent
less time sniffing the social cylinder (P<0.001) than WT mice.
The social preference score of 51.3 ± 5.4 s for NR1neo-/- mice indicated a predominance
of social behaviour rather than avoidance. However, WT animals demonstrated a much
higher preference for sniffing the social cylinder expressed by a social preference score of
168.3 ± 22.8 s. In summary, WT mice displayed a thorough investigation of the stimulus
mouse. On the contrary, NR1neo-/- mice showed only a significantly low level of interaction
with a stimulus mouse and therefore expressed a considerable impairment in sociability.
The deficit in sociability observed in NR1neo-/- mice may represent a negative symp-
tom of schizophrenia and was treated with single injections of Baclofen, L838,417, or
Risperidone. Baclofen increased social preference in a dose-dependent manner (drug:
F2,52=5.09, P<0.01), an effect driven mostly by the NR1neo-/- group (figure 4.43). The
administration of Baclofen increased the number and especially the duration of sniffing
events on the social cylinder in NR1neo-/- mice. On day 1 NR1neo-/- mice showed 45 ±
5 sniffing events (duration 102.7 ± 15.5 s). 1 mg/kg Baclofen improved the sociability
expressed by 63 ± 6 sniffing events (duration 165.5 ± 17.9 s). A dose of 2.5 mg/kg
Baclofen slightly decreased social behavior (41 ± 10 sniffing events, duration 156.9 ±
36.0 s). However, the social preference score in NR1neo-/- mice steadily rose with in-
creasing doses of Baclofen. Under control conditions a social preference score of 65.6
±7.5 s in NR1neo-/- mice was calculated. A single injection of 1 mg/kg Baclofen resulted
in an elevated social preference score of 131.9 ± 10.3 s, which was further increased
by a Baclofen dose of 2.5 mg/kg (social preference score: 138.7 ±30.1 s) (figure 4.43).
The normalization of the sociability in NR1neo-/- mice diminished after Baclofen treat-
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ment. Conversely, neither Risperidone (drug: F2,34=0.49, P=0.62) nor L838,417 (drug:
F2,26=2.49, P>0.1) improved social function. A significant difference between genotypes
was persistent throughout the experiment without any improvement in social behavior in
NR1neo-/- mice (figure 4.43).
Figure 4.43: Social preference score for NR1neo-/- and WT mice under treatment of (A) Baclofen, (B)
Risperidone, and (C) L838,417. (A) Deficits in sociability in NR1neo-/- mice were normalized with Ba-
clofen. (B) Risperidone and (C) L838,417 had no significant effect on sociability (L838,417: drug: P>0.1)
(Risperidone: drug: P=0.62).
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5 Discussion
Synapses in the peripheral and central nervous system are the structural key elements
in the maintenance and regulation of signal transduction in individual networks and mi-
crocircuits of neurons in different regions of the sensory periphery and the brain. For
a much better understanding of the various signal cascades underlying synaptic trans-
mission and plasticity is, besides the quantification of functional parameters, a detailed
structural analysis of the pre- and postsynaptic elements and receptor systems involved.
In particular, studies concerning presynaptic Ca2+-dynamics and transmitter diffusion us-
ing electrophysiological and optical methods cannot be unequivocally interpreted without
realistic values of the number, distribution, and geometry of AZs. Only by simulations
of quantitative models can be verified whether the structural models are compatible with
measurements of synaptic dynamics. The latency, size, and kinetics of postsynaptic cur-
rents are critically governed by the temporal and spatial gradient of the neurotransmitter
in the synaptic cleft and binding at the appropriate receptors. Also changes in the con-
centration of neurotransmitter are critically determined by the size and geometry of the
pre- and postsynaptic elements. Numerical and Monte Carlo simulations employing the
above mentioned synaptic parameters can only be performed on the basis of quantitative
3D models of synapses and their target structures. To date no models based on realistic
structural geometries of cortical synapses are available comprising all synaptic parameters.
The aim of the present study was therefore to provide the structural basis for synaptic
transmission and plasticity in a particular neocortical network that may help to explain the
functional behavior of cortical synapses, as exemplified by input synapses terminating on
excitatory L4 neurons which represent the first station of cortical information processing.
Finally, this analysis contributes to a much better understanding of synapses embedded
in different networks in the normal and pathological altered brain.
5.1 3D reconstruction of input synapses on L4 spiny stellate neurons
L4 spiny neurons are the cortical targets for thalamocortical afferents in the barrel field
and here, sensory information is amplified and relayed (Ahmed et al. [1994]; Feldmeyer
et al. [1999]; Bruno and Sakmann [2006]; for review, see Feldmeyer and Sakmann [2000]).
In addition, L4 neurons represent the first station of intracortical information process-
ing (Harris and Woolsey [1983]; Armstrong-James et al. [1992]; Feldmeyer et al. [1999];
Petersen and Sakmann [2000]; Bruno and Sakmann [2006]; for review, see Jacobs and
Juliano [1995]). Synaptic connections between L4 excitatory neurons, namely between
spiny stellate neurons, are one of the most powerful connections in the neocortex as in-
dicated by a low CV (~0.3) and a very low failure rate (~5%, Feldmeyer et al. [1999]).
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However, to understand the functional characteristics of L4 synapses a detailed morpho-
logical description of those parameters underlying synaptic transmission and plasticity is
an essential pre-requisite.
The present study describes for the first time the quantitative morphology and the 3D
geometry of input synapses terminating on L4 excitatory, namely spiny stellate neurons,
in the barrel field of the rat SSC. Input synapses were reconstructed from convention-
ally embedded electron microscopy material, from electrophysiologically and structurally
identified biocytin-filled spiny stellate neurons, and material where astrocytes or GABAer-
gic input synapses were pre-labeled before embedding. The data presented here provide
a basis for realistic structural 3D models of synaptic transmission and plasticity at L4
synapses that are at present still inaccessible to experiment.
A major aim in the present study was to determine the structural correlates for synaptic
transmission and plasticity at this connection that might explain its high reliability in
synaptic transmission. Therefore, structural key elements of synapses such as the size
of synaptic boutons, the number and size of AZs, the structural correlate of transmitter
release sites, and the size and organization of the pool of synaptic vesicles were obtained
from 3D reconstructions based on serial ultrathin sections and digital electron microscopic
images through the dendritic domain of L4 excitatory neurons. This approach will help
to understand the functional properties of L4 synapses.
The average surface area of input synapses on L4 neurons was 3.74 ± 2.45 µm2 (minimum:
0.44 µm2; maximum: 21.10 µm2) with a mean volume of 0.19 ± 0.15 µm3 (minimum: 0.01
µm3; maximum: 1.36 µm3). In comparison to other central synapses their size is relatively
small. The surface area and the volume of input synapses such as e.g. the mossy fiber
bouton in the hippocampus (Rollenhagen et al. [2007]) and cerebellum (Xu-Friedman
et al. [2003]) and the giant calyx of Held in the auditory system (Sätzler et al. [2002])
exceed that of the L4 input synapse enormously (for review, see Rollenhagen and Lübke
[2010]). The surface area of the mossy fiber bouton is around 20-fold, the volume is
around 35-fold larger than L4 input synapses (Rollenhagen et al. [2007]). The surface
area of the cerebellar mossy fiber bouton is around 20-50-fold larger (Xu-Friedman et al.
[2003]), the surface area of the calyx of Held is even around 600-fold larger (Sätzler
et al. [2002]) than L4 input synapses. L4 input synapses are also highly variable in size,
indicating differences in synaptic efficacy between individual input synapses. Their shape
is very heterogeneous and expresses the high anatomical diversity which may contribute
to synaptic transmission and plasticity at this connection (Feldmeyer et al. [1999]; for
review, see Barth [2002]).
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5.1.1 Number, size, and distribution of AZs
The vast majority (~95%) of synaptic boutons contained only a single, the most two AZs.
The mean surface area of an AZ was 0.21 ± 0.16 µm2. The high SD indicated the huge
variability in size ranging from 0.02 to 1.52 µm2, but a predominance towards smaller
AZs was observed. The comparison with other central synapses shows that the size of
the L4 AZs are nearly two-fold larger than those of the hippocampal mossy fiber bouton
(~0.11 µm2, Rollenhagen et al. [2007]), the calyx of Held (0.10 µm2 and 0.06 µm2, Nicol
and Walmsley [2002]; Sätzler et al. [2002]), and by more than five-fold larger than those
of the cerebellar mossy fiber (0.04 µm2, Xu-Friedman et al. [2003]), but similar in size to
AZs of the cerebellar climbing fiber (0.14 µm2, Xu-Friedman et al. [2001]). The size of the
AZ is highly variable as indicated by the CV (0.8), which has also been observed at other
central synapses (for review, see Xu-Friedman et al. [2004]). The size of the AZ is thought
to contribute largely to quantal variability at synapses and also determine the mode of
release. A high diversity in the size of the AZs could result also from structural changes
during synaptic plasticity. Therefore, the wide range of distribution of AZ size together
with a large variability in spine size and morphology might be a structural correlate for
the high degree of synaptic plasticity occurring at L4 synapses, in particular axodendritic
synapses. The surface area of the AZ on dendritic spines seemed to be independent from
the size or morphology of the spine.
On average L4 synaptic boutons possessed only 1.06 ± 0.27 AZs, a very low number when
compared to the adult hippocampal mossy fiber bouton (~18, Rollenhagen et al. [2007]),
the calyx of Held (~550, Sätzler et al. [2002]), the cerebellar mossy fiber terminal (~200,
Xu-Friedman et al. [2003]; Saviane and Silver [2006]), but similar to that of input synapses
terminating on L5 pyramidal neurons (1-2, Rollenhagen, unpublished observation). In
relation to the size of the synaptic bouton the AZs make up around 5.5% of the total
surface area which is comparable to the calyx of Held (~5%), but a lot smaller than that
of the mossy fiber bouton (~10%). Thus, the fraction of the presynaptic membrane is
comparable low.
Most analyzed AZ (~73%) showed perforations at either the pre- or apposing postsynaptic
membrane or at both membranes and it is hypothesized that the perforation of a PSD
is a structural correlate of high synaptic efficacy (Peters and Kaiserman-Abramof [1969];
Greenough et al. [1978];Geinisman et al. [1991]; Geinisman et al. [1993]). Perforated
AZs predominantly occurred on axospinous rather than axodendritic synapses and might
therefore partially explain the synaptic strength but also plasticity of spine synapses.
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5.1.2 Size and organization of the synaptic pool of vesicles
On average a synaptic bouton targeting a L4 dendrite contained 595 ± 372 vesicles (mini-
mum: 38 synaptic vesicles; maximum: 2026 synaptic vesicles). The total pool of synaptic
vesicles is therefore much smaller when compared to other central synapses. The adult
mossy fiber bouton comprises 16.000 (Rollenhagen et al. [2007]), the calyx of Held 70.000
(Sätzler et al. [2002]), the goldfish bipolar cell contains 700.000 (Rizzoli and Betz [2005]),
the ribbon synapse more than 11.000 (Rizzoli and Betz [2005]), and the cerebellar mossy
fiber synapse contains 200.000 vesicles (Saviane and Silver [2006]). The pool of synaptic
vesicle is a lot smaller when compared to the drosophila neuromuscular junction with
87.000 vesicles and the frog neuromuscular junction with 500.000 vesicles (Rizzoli and
Betz [2005]). However, the size of the pool of synaptic vesicles is around 5% of the to-
tal bouton volume and therefore similar to the size of the synaptic vesicle pool in the
hippocampal mossy fiber bouton (~4.2 of the total bouton volume, Rollenhagen et al.
[2007]).
As AZs are the structural neurotransmitter release sites it is important not only to deter-
mine the total vesicle pool size, but more important to estimate the number of vesicles
per AZ. In L4 synapses the total pool of synaptic vesicles is distributed over on average
1.06 AZ resulting in ~561 vesicles per AZ. Therefore, the number of vesicles per release
site is similar to that of the cerebellar mossy fiber (~606 vesicles per AZ Saviane and
Silver, 2006), smaller than that of the mossy fiber bouton in the adult and young (P28)
hippocampus (~889 and ~833 vesicles per AZ, repectively Rollenhagen et al. [2007]) and
a lot larger (four-fold) than the number of vesicles at the calyx of Held (~125 vesicles
per AZ) (Sätzler et al. [2002];). However, this estimation was taken under the assump-
tion that vesicles are evenly distributed among all AZs, which is still a matter of debate
(Rosenmund et al. [1993]; Murthy et al. [1997]). Furthermore, it is possible that the
total synaptic vesicle pool is shared by two or more AZs in a given bouton (Rollenhagen
et al. [2007]). At L4 synapses the SD indicates a high variability of the total vesicle
pool size among individual synapses. It is therefore most likely that these differences
contribute to both regulation of synaptic efficacy and plasticity and will probably result
in markedly differences in synaptic transmission at these synapses as shown by paired
recordings (Feldmeyer et al. [1999]).
It has been demonstrated by several lines of evidence that vesicles in a presynaptic bouton
were likely organized in different vesicle pools according to their availability (Rosenmund
and Stevens [1996]; Kuromi and Kidokoro [1998]; Richards et al. [2000]; Sahara and
Takahashi [2001]; Hallermann et al. [2003]; Saviane and Silver [2006]; for review, see
Schneggenburger et al. [1999]; Rizzoli and Betz [2005]; Rizzoli and Jahn [2007]).
Vesicles that are released rapidly after depolarization are mobilized from the RRP, re-
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sembling those vesicles very close to the presynaptic density or so-called docked vesicles
that are already fused with the presynaptic membrane. The RP contains vesicles that
are recruited during moderate stimulation but were also found in close proximity to the
presynaptic density and the remaining vesicles are thought to belong to the reserve pool
which is not used under normal physiological condition only during intense stimulation
(Richards et al. [2003]).
In the present study it was aimed to define structural correlates of the three functionally
defined vesicles pool, namely the RRP, the RP and the reserve pool. From the digital
electron microscopic images and from the 3D reconstructions no structural correlate of
these functionally defined pools was found. Therefore, according to the criteria found in
literature the pools were divided dependent on the distance of individual vesicles from
the AZ (Rosenmund and Stevens [1996]; for review, see Rizzoli and Betz [2004]; Rizzoli
and Betz [2005]). Vesicles are allocated to the different pools by distance measurement.
Vesicles within a perimeter of 60 nm (~two vesicle diameter) from the AZ are regarded to
belong to the RRP. The size of the RRP directly corresponds to the release probability
as shown in the hippocampal CA1-CA1 synapse and is therefore of great importance
(Dobrunz [2002]). The majority of the vesicles of the RRP are assumed to be docked
to the surface membrane. Some studies even suggest that only docked vesicle represent
the RRP (Steyer et al. [1997]; Rizzoli and Betz [2005]). Even docked vesicles belong to
three different pools within the RRP, the fast and slow releasable pool, and the unprimed
pool. At cortical synapses the slowly releasable pool and the RRP cannot be distinguished
(Becherer and Rettig [2006]). Unfortunately, the methods used in the present study do not
allow a differentiation between primed and unprimed vesicles. At hippocampal, cerebellar,
and calyx of Held synapses, the number of docked vesicles was quantified (Schikorski and
Stevens [1997]; Xu-Friedman et al. [2001]; Sätzler et al. [2002]), however, at cortical
synapses this number remains to be elucidated. Furthermore, not all docked synaptic
vesicles are “primed” to be released (Rettig and Neher [2002]). The RP constitutes of
vesicles within a distance of 200 nm (~five vesicle diameter) of the AZ that are recruited
under normal, physiological conditions. Vesicles within a perimeter of 500 nm and beyond
(~15 vesicle diameter) belong to the reserve pool that are not released during normal
activity (for review, see Rizzoli and Betz [2005]; Rizzoli and Jahn [2007]). Table 5.1
summarizes the characteristics of the individual pools.
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Table 5.1: Characteristics of the synaptic vesicle pools (adopted from Rizzoli and Betz [2005])
Pool RRP RP Reserve pool
Size of all vesicles
[%]
1-2 10-20 80-90
location Docked Scattered Scattered (bulk of
vesicle cluster)
Released within < 1 second A few seconds Tens of seconds,
minutes
Recycling Fast (seconds) Fast (seconds) Slow (minutes)
Mixing with other
pools
Fast mixing with
recycling pool
Slow mixing with
reserve pool
Slow mixing with
other vesicles
Mobility in resting
terminals
Non - docked high Low
Thus, the putative RRP contains 39 ± 32 vesicles per AZ (minimum: 1 vesicle, maximum:
296 vesicles); similar than that of the mossy fiber bouton in the hippocampus (~41 vesicles
per AZ) and synapses in L5 of the barrel field, but around seven-fold larger than the
corresponding RRP in the calyx of Held (~5 vesicles per AZ). In L4 synapses the RRP
is approximately 7% of the total pool of synaptic vesicles and therefore seven-fold larger
than the fraction of RRP in the calyx of Held (~1%) and nearly two-fold larger than the
fraction of the RRP in the hippocampal mossy fiber bouton (~4%) (Sätzler et al. [2002];
Rollenhagen et al. [2007]). The RRP in the neuromuscular junction in drosophila and
frog is ~0.4% and ~2% respectively of the total pool of synaptic vesicles. In the goldfish
bipolar cell synapse the RRP is even smaller (~0.2%, Rizzoli and Betz [2005]).
The putative RP contained a mean of 136 ± 100 synaptic vesicles (range: 14 to 951
vesicles) which is around 23% of the total pool of synaptic vesicles. In relation to the
number of AZs there are 128 ± 94 synaptic vesicles per AZ which is smaller than in the
adult mossy fiber bouton in the hippocampus (~211 vesicles). The RP in the hippocampal
mossy fiber bouton makes up about 21% of the total vesicle pool and is therefore similar
to the RP in L4 input synapses. But only ~4% of the synaptic vesicles in the calyx
of Held belong to the RP (Sätzler et al. [2002];Rollenhagen and Lübke [2006]). In the
neuromuscular junction of the drosophila and the frog the RP comprises 10-20% of the
total pool of synaptic vesicles. The RP in the goldfish bipolar cell is relatively small,
with only 0.6% of the synaptic vesicles (Rizzoli and Betz [2005]). The total reserve pool
defined as all synaptic vesicles that have a distance to the AZ > than 200 nm contained
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417 ± 240 vesicles which is around 70% of the total pool of synaptic vesicles. The reserve
pool is similar the hippocampal mossy fiber bouton (~75%), but smaller than in the other
mentioned synapses (~80% - 99% of the total pool of synaptic vesicles, (Sätzler et al.
[2002]; Rizzoli and Betz [2005]; Rollenhagen and Lübke [2006]; Rollenhagen et al. [2007]).
The size of the RRP, RP, and reserve are highly variable as indicated by the SD and the
CV (~0.8).
Interestingly, on average the RRP and RP in L4 synapses is 7% and 23% of the total pool
of synaptic vesicles, respectively and therefore larger than in other previously studied
synapses. This contributes and explains the high efficacy in synaptic transmission at
these synapses. Due to different experimental methods, values might be inaccurate (for
review, see Rollenhagen and Lübke [2010]).
However, the organization of the three functionally defined pools, in particular that of the
RRP is still controversially discussed. It has been shown that the RRP is not exclusively
located close to the AZ, but can be dispersed throughout the pool of vesicles and it
contains docked vesicles that are not immediately releasable (Xu-Friedman et al. [2001];
Rizzoli and Betz [2004]). Furthermore, in the neuromuscular junction of Drosophila and
the frog, the RP occupies the periphery of the vesicle cluster (Kuromi and Kidokoro [1998];
Rizzoli and Betz [2004]). Therefore, it is still a matter of debate whether the functional
subpools have a morphological correlate and if they are present at cortical synapses. It
has to be noted that the method used in this approach is a steady-state situation given by
the fixation of the material for electron microscopy and thus does not necessarily mirror
the in vivo organization (Frotscher et al. [2007]). Moreover, tissue fixation during the
process of preparation for electron microscopy may lead to an over- or underestimation of
the number of synaptic vesicles. On the contrary, it has been shown that the perfusion of
fixative while recording from the calyx of Held – principal neuron synapse does not alter
the release probability (Sätzler et al. [2002]).
There are two hypotheses about the vesicle release process. In the one-vesicle-hypothesis
one vesicle is released at a single AZ upon an AP, whereas multivesicular release suggests
that more than one vesicle can be released at a given AZ (Korn et al. [1981]; Tong and
Jahr [1994]). At cortical synapses the hypothesis is favored that release is constrained
to one vesicle per action potential, although there is also some evidence for multivesic-
ular release (Buhl et al. [1997]; Egger et al. [1999]; Feldmeyer et al. [1999]; Silver et al.
[2003]). Furthermore, the mode of release (uni- or multiquantal) at cortical synapses is
still unknown.
Taken together, the large size of the RRP and RP at individual AZ might be a key
structural correlate for the high synaptic efficacy and strength observed at L4 synapses
(Feldmeyer et al. [1999]). The number of vesicles in the RRP and RP may partially explain
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the high release probability and suggests that vesicles can be recruited and released under
continuous (high frequency) stimulation at physiological conditions.
The size of the three pools of synaptic vesicles further suggests that even high frequency
stimulation would not lead in a total depletion of the pools as observed in the calyx of
Held synapse which could be explained by the relatively low total pool size per (~125) AZ
at this synapse. The total pool of synaptic vesicles varied substantially between individual
synapses ranging from 38 to 2026 synaptic vesicles. These differences in the total pool of
synaptic vesicles at individual L4 synapses contribute and explain that individual synaptic
L4-L4 connection vary largely in synaptic efficacy and plasticity. Taken together, the
shape and size of the AZs together with the large RRP and RP help to understand the
high efficacy in synaptic transmission, but also the huge variability in synaptic plasticity
found at excitatory L4 synapses.
So-called large dense core vesicles were found in ~15% of the analyzed synaptic boutons
in line with a study by Kharazia and Weinberg [1994] that estimated 20% of the cortic-
ocortical L4 terminals to contain these large dense core vesicles. On average large dense
core vesicles had a diameter of 67.11 ± 6.70 nm. In previous studies large dense core
vesicles were often seen to fuse with the presynaptic density, one might speculate that
besides being involved in endo- and exocytosis they also contribute to the build-up and
organization of the AZs by releasing piccolo and bassoon (Ahmari et al. [2000]; Shapira
et al. [2003]; Schoch and Gundelfinger [2006]) or the clustering of synaptic vesicles at
the presynaptic density (Mukherjee et al. [2010]). Furthermore, they are thought to con-
tain co-transmitter or neuromodulators such as ATP, dynorphin, and neuropeptides (for
review, see Ghijsen and Leenders [2005]). Large dense core vesicles were also observed
in other brain regions such as the hippocampus, the calyx of Held and their abundance
is probably age-dependent (Hoffpauir et al. [2006]; Rollenhagen et al. [2007]; Xia et al.
[2009]).
5.1.3 Number, size, and distribution of mitochondria
The majority (~65%) of synaptic boutons contained one to two mitochondria that made
up a volume of 0.04 ± 0.03 µm3 and contributed ~22% to the total volume of the bou-
ton which is nearly two-fold more occupied volume when compared to the mossy fiber
bouton where mitochondira contribute to ~12% to the total volume. They were always
localized within or in close proximity to the pool of synaptic vesicles but where never seen
to form mitochondria-associated complexes with AZs (Rowland et al. [2000]) or donut-
like assemblies (Wimmer et al. [2006]) as shown for the calyx of Held – principal neuron
synapse in the medial nucleus of the trapezoid body. It was hypothesized that mitochon-
dria not only act as internal [Ca2+]- stores, but may also regulate and adjust [Ca2+]-levels
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in synapses (for review, see Rizzuto et al. [2000]). Furthermore, it has been reported that
mitochondria are highly mobile (Mironov [2006]) and may be critically involved in the
mobilization of synaptic vesicles from the reserve pool (Verstreken et al. [2005]). This
could explain that in L4 input synapses mitochondria were always associated with the
pool of synaptic vesicles. With respect to their large contribution to the total volume of
individual boutons it might be speculated that they also play an important role in the
regulation of [Ca2+]-levels at L4 synapses. Since [Ca2+] is highly important in the prim-
ing, docking, and fusing process of synaptic vesicles and other signal cascades underlying
synaptic transmission and plasticity (for review, see Pang and Südhof [2010]) it is most
likely that they are critically involved in the modulation of uEPSP amplitudes and as a
consequence in the regulation of short term synaptic plasticity (paired-pulse depression)
at L4 synapses.
5.1.4 Glial coverage at L4 synapses
In a pre-embedding immunohistochemical approach astrocytes were visualized to reveal
their structural relation to L4 input synapses. A study by Ren et al. [1992] revealed
that around one third of the cells in the SSC were of glial origin with L4 possessing a
fraction of 15% astrocytes among all cells. In the SSC, astrocytes are spatially organized
favoring communication within a barrel rather than signaling between two neighboring
columns (Houades et al. [2008]). There is a remarkable difference in perisynaptic glial
ensheatment with glia-free synapses and e.g. neuronal somata that are always invested by
perineuronal glial supporting the hypothesis that not all synapses are functionally tripar-
tite (Ventura and Harris [1999]). Synapses that have a higher number of docked vesicles
are ensheated by astrocytic processes. It was therefore hypothesized that the degree of
astrocytic enwrapping correlates to synapse activity (Bruckner et al. [1993]). In L4 fine
astrocytic processes enwrapped synaptic end terminal and were located at the pre- and
postsynaptic apposition zone. Glial fingers reached as far as the synaptic cleft as has
previously been described for the Purkinje cell synapse (Xu-Friedman et al. [2001]). At
L4 synapses astrocytes not only function as physical barrier to neurotransmitter diffusion
and prevent released glutamate to diffuse horizontally within the cleft to reach neighbor-
ing AZs. Furthermore glutamate transporters such as EAAT1 and EAAT2 expressed in
astrocytes will actively take-up and remove “spilled” glutamate from the synaptic cleft
and as a consequence terminate synaptic transmission and over-excitability (for review,
see Danbolt [2001]; Oliet et al. [2004]). Both mechanisms contribute to a prevention of
glutamate spill-over at these synapses and not only allow the vertical diffusion of the
neurotransmitter but also a precise control of the diffusible amount of neurotransmitter
within the synaptic cleft. Therefore, synaptic cross-talk is unlikely to occur through these
astrocytic barriers. In conclusion, synaptic transmission and plasticity will be further
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regulated by this glia-synapse interaction.
5.1.5 Inhibitory vs. excitatory synapses at L4 dendrites
The signal flow within and out of L4 as well as in other cortical layers and brain regions
is modulated by inhibitory synapses. The ratio of inhibitory to excitatory synapses tar-
geting L4 dendrites is around 2:9 and therefore similar when compared to the average
ratio of 1:5 in the neocortex (Beaulieu et al. [1992]). Inhibitory synapses are thought
to be more target-selective than excitatory synaptic boutons and thereby have a high
impact on the modulation of synaptic transmission despite their low number (Dehay
et al. [1991]; Tamas et al. [2003]; Watts and Thomson [2005]). However, the low level
of inhibitory modulation, although based on the analysis of two dendritic segments, on
the signal flow to L4 connections might partially explain that a presynaptic AP reliably
evokes suprathreshold EPSPs resulting in postsynaptic APs in the postsynaptic cell, an
extraordinary feature of L4-L4 connections (Feldmeyer et al. [1999]) never observed in
other intra- and transmalinar synaptic connections in the neocortex. Thus, it is possible
that even weak peripheral sensory information from the whisker pad is amplified and
further processed at synaptically-coupled L4 excitatory neurons (Feldmeyer et al. [1999]).
5.1.6 Functional consequences
The present study is the first quantitative morphological description of input synapses ter-
minating on L4 excitatory spiny neurons with special emphasis to structural parameters
underlying synaptic transmission and plasticity. More importantly, the analysis provides
the basis for numerical simulations and models of synaptic transmission and plasticity at
these synapses that are at present inaccessible to experiment. Despite general similarities
to other cortical synapses, L4 synapses differ substantially in their ultrastructural orga-
nization and their arrangement of subelements which contribute and explain the unique
behavior of individual synapses embedded in different microcircuits of the brain.
L4 synapses are physiologically characterized by their high reliability in synaptic transmis-
sion and their low failure rate (Feldmeyer et al. [1999]). Both, the large size of the RRP
and RP together with the large surface area of the AZ might partially explain the high
efficacy of L4 synapses observed in vitro patch-clamp recordings from synaptically coupled
L4-L4 connections. Furthermore, the large RP and reserve pool might also contribute to
the possibility of neurotransmitter release even during long-lasting neuron stimulation by
refilling the RRP and therefore preventing vesicle depletion. Mitochondria are always as-
sociated with the synaptic vesicle pool and contribute by 22% to the total volume boutons.
Mitochondria represent internal [Ca2+]-stores involved in the maintenance but also regu-
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lation of [Ca2+]-levels. In addition, they are involved in the motility of synaptic vesicles
thereby controlling the mode and probability of release on the presynaptic side. Finally,
due to their structural organization astrocytes and their fine processes are most likely to
play a major role in synaptic transmission at the functionally tripartite synapse by the
active uptake and removal of spilled glutamate, thereby preventing synaptic crosstalk at
L4 synapses. The structural composition of L4 input synapses contribute and explain the
high efficacy, synaptic strength, and short-term plasticity at these synapses.
5.2 Number, density, and distribution of AMPA- and
NMDA-receptors at L4 PSDs
Information processing in neuronal networks is highly dependent on the properties of the
synaptic contacts including the density of different receptor subtypes at certain cellular
sites. Neurotransmitter receptors for the major excitatory and inhibitory systems control
the behavior of synapses by regulation synaptic transmission and plasticity (for review,
see Greger et al. [2007]; Hansen et al. [2007]; Rao and Finkbeiner [2007]). Meanwhile,
numerous immunogold studies have been published describing the subcellular distribu-
tion and co-localization of AMPA- and NMDA-receptor subunits in the adult neocortex,
hippocampus and other brain regions (Nusser [1999]; Nusser [2000]; for review, see Sheng
and Hoogenraad [2007]). However, quantitative desciptions about their density and dis-
tribution are still rather limited. Immunolabeling of FFR is a highly sensitive method
to compare the two-dimensional receptor distribution in membrane compartments, e.g.
synapses (Masugi-Tokita et al. [2007]). In the present study glutamatergic synapses can
be immunohistochemically identified in FFR preparations of L4 of the SSC on the E-face
of the split membrane halves on distinct IMP-clusters. On the E-face the IMP represent
the conglomerate of proteins of the cell outer leaflet including their extracellular domains.
The splitting of the membrane does not break the covalent bonds of the proteins, but
rather pulls individual molecules to either site depending on their interaction to proteins
such as cytoskeleton proteins (Fisher [1989]). However, immunolabeling on FFR resem-
bles the actual number of receptors reliably as shown for AMPA-receptors at the climbing
fiber - Purkinje cell synapse by two-photon uncaging of glutamate and subsequent ultra-
structural analysis (Tanaka et al. [2005]).
Due to technical reasons e.g. the inaccessibility of a synapse with recording pipettes it
is impossible to quantify the number of receptors at certain cellular sites by electrophys-
iological experiments. However, the exact receptor localization is a key determinant for
the signaling capacity (Groc et al. [2006], Rao and Finkbeiner [2007]). Previous electro-
physiological studies revealed that the efficacy of synaptic transmission was heterogeneous
and modulated by synaptic activity at the level of single synapses (Dobrunz and Stevens
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[1997]; Nusser et al. [2001]; Matsuzaki et al. [2004]). Therefore, ultrastructural studies
are necessary to provide reliable estimations of the receptor occupancy at synapses. How-
ever, immunohistochemical labeling on ultrathin sections, the methods of choice before
the introduction of FFR, has the disadvantage that only a fraction of the AZ, in par-
ticular that of the pre- and postsynaptic density can be found on a single section. A
combination of FFR preparations with post-immunogold labeling is therefore the method
of choice not only to visualize the architecture of the membraneous structures but also
to simultaneously identify the two-dimensional distribution of labeled molecules on these
structures. The present study provides the first detailed quantification of the AMPA- and
NMDA-receptor distribution at a neocortical synapse introducing also a new method to
quantify receptor distributions at synaptic sites.
As already mentioned earlier electrophysiological findings showed that glutamatergic
synaptic transmission receptors at spiny L4 neurons is mediated by both AMPA- and
NMDA-receptors (Feldmeyer et al. [1999]). Unitary EPSPs of excitatory L4 neurons crit-
ically depend on AMPA- and NMDA-receptors; both glutamate receptor subtypes largely
contribute to synaptic transmission at these synapses although their contribution, in
particular that of the NMDA-component, differs substantially between individual L4-L4
connections. Unfortunately, electrophysiological techniques do not allow the estimation of
the distribution pattern and density of neurotransmitter receptors at a given synapse. At
present, the number, density, and distribution of AMPA- and NMDA-receptors and their
subunits at L4 synapses is still unknown. Furthermore, the detailed pre- vs postsynaptic,
central versus lateral organization of both receptor subtypes at synaptic and extrasynap-
tic sites is not known but of great importance for a better understanding of synaptic
function and behavior. As already demonstrated for other CNS synapses the number of
glutamate receptors at PSDs is a major determinant for synaptic strength (Malenka and
Nicoll [1999]; Lüscher and Frerking [2001]; Sheng and Kim [2002]).
The results of the double-immunolabeling approach are in line with the electrophysio-
logical findings by Feldmeyer et al. [1999]. The structural investigations further demon-
strated that all dendritic shaft and spine PSDs were immunopositive for both, AMPA-
and NMDA-receptors. In previous studies the vast majority of axospinous, but only a
smaller subset of axodendritic PSDs was described as immunopositive for both antibodies
with striking differences in the estimation of immunopositive PSD probably due to tech-
nical reasons and the sensitivity of the used antibodies (Huntley et al. [1994]; Kharazia
et al. [1996]; Kharazia and Weinberg [1999]). Although in this study nearly all PSD were
immunopositive, the number of AMPA- and NMDA-receptors showed a high variability
in their expression with a CV ranging from 0.6 to 0.7. This suggests and supports the
finding that synaptic efficacy and plasticity is individually regulated at L4 synapses within
a given connection which has previously been described for other CNS synapses (Dobrunz
104
Discussion
and Stevens [1997]; Nusser et al. [2001]; Matsuzaki et al. [2004]).
Unitary EPSPs of excitatory neurons in L4 have a relatively large NMDA-receptor com-
ponent of on average 39% as revealed by electrophysiological recordings (Feldmeyer et al.
[1999]). It was therefore the large NMDA-component to be a result of the higher number
of NMDA-receptors at L4 PSDs (Stern et al. [1992]). At the subcellular level intense NR1-
immunoreactivity was observed at the soma, the apical, and to a lesser extent the basal
dendrites of pyramidal and non-pyramidal excitatory neurons of the monkey neocortex
(Huntley et al. [1994]).
In this study the mean number of NMDA-receptors was measured to be 24 ± 16 receptors
per shaft or spine PSD. As the mean PSD surface at L4 synapses was 0.05 ± 0.03 µm2
this results in an average density of around 457 ± 300 receptors / µm2 PSD. The high SD
indicates the extraordinary variability of NMDA-receptor occupancy at L4 PSDs. This is
also reflected in electrophysiological experiments that determined the contribution of the
NMDA-receptor to the excitatory postsynaptic current at L4 synapses as highly variable
ranging from 21% to 87% (Feldmeyer et al. [1999]). This variability in NMDA-receptor
expression at individual L4 synapses may represent the basis for differences in short-term
synaptic plasticity, e.g. paired-pulse depression behaviour, observed at these synapses and
was shown for neocortical L5 and hippocampal pyramidal neurons (Sjöström and Häusser
[2006]; Sjöström et al. [2007]; Rodriguez-Moreno et al. [2008]).
Interestingly, there are significant differences in the NMDA-receptor density between shaft
and spine PSDs. Shaft PSDs show a NMDA-receptor density of 540 ± 385 receptors /
µm2 PSD whereas spine PSDs are occupied by 374 ± 213 receptors / µm2. The difference
is even more striking when taking into account that spine PSDs are on average smaller
than shaft PSDs. A mean of 33 ± 24 NMDA-receptors were detected on shaft PSDs
and on average 16 ± 9 NMDA-receptors were present on spine PSDs. It should be noted
here that the NR1-subunit was expressed by more than two-fold on shaft PSDs when
compared to spine PSDs. Dendritic spines are targeted by excitatory synapses; on the
contrary, inhibitory synapses contact predominantly dendritic shafts. The higher number
and density of NMDA-receptors at L4 shaft PSDs indicate that these synapses have a
larger NMDA-receptor component that mediates the uEPSP than spine PSDs. It has been
shown however, that synaptic contacts established on the dendritic shaft of spiny stellate
and pyramidal neurons are not necessarily inhibitory (Markram et al. [1997]; Lübke et al.
[2000]; Lübke et al. [2003]; Silver et al. [2003]). It is assumed that excitatory input
synapses outnumber inhibitory presynaptic boutons significantly. However, it cannot
be ruled out that the high presence of NMDA-receptors and the previously described
selective target choosing of interneurons may result in an efficient inhibitory system at L4
synapses despite the low number of inhibitory input synapses (Tamas et al. [2003]; Watts
and Thomson [2005]).
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As shown in the present study the NMDA-receptor occupied the complete PSD surface
area evenly, which is in line with a study by Kharazia and Weinberg [1997]. Furthermore,
it has been shown that the uEPSP at L4 spiny neurons is suggested to be mainly driven
by NMDA-receptors that contain the NR2A und NR2B subunit (Monyer et al. [1994]).
However, the NMDA-receptor subunits NR2A and NR2B were observed in only a small
subset of L4 shaft and spine PSDs. Due to the low number of immunopositive synapses
(~10%) the abundance of the NR2A and NR2B subunits was described only qualitatively.
The density of both subunits was sparse and predominantly on the lateral edges of the
PSDs. Furthermore, there is growing evidence that the ability of NMDA-receptor to either
suppress (paired pulse depression) or enhance (paired pulse facilitation) synaptic trans-
mission critically depends on their pre- or postsynaptic location (Sjöström and Häusser
[2006]; Sjöström et al. [2007]; Rodriguez-Moreno et al. [2008]). In our sample only a small
fraction (~5%) of synapses contained a few gold particles at the presynaptic density. It
has to be also mentioned here that it is still controversially discussed whether the subunit
composition of the NMDA-receptors is developmentally regulated or neuron-specific. It is
now clear that several types of glutamate receptor subtypes including the NMDA-recptor
subunits are expressed in the embryonic and / or early postnatal brain, whereas others are
mainly present in the adult brain (Watanabe et al. [1993]; Behar and Rothman [2001];
López-Bendito et al. [2002]; for review, see Bolton et al. [2000]; Garner et al. [2002];
Lujan et al. [2005]). Further quantitative studies of the density and distribution of the
individual NMDA-receptor subunits are required to further unravel the contribution of
these receptors to synaptic transmission and long- and short term plasticity.
All PSDs in L4 of the SSC were immunopositive for the AMPA-receptors (GluR1-4) rec-
ognized by using the panAMPA antibody (Nusser [2000]); an extraordinary feature of L4
synapses that was also described for the mossy fiber bouton in the hippocampus, but is
usually rarely described for central synapses with a portion of around 20% immunonega-
tive synapses. (Nusser et al. [1998]; Nusser [1999]; Takumi et al. [1999]). Immunohisto-
chemical approaches carried out on ultrathin sections of the rat neocortex revealed that
in general the AMPA-receptor was most abundant in L1-3, and L5, but showed only low
immunoreactivity in L4 (Martin et al. [1993]).
The mean density of the AMPA-receptor at L4 shaft and spine PSDs is 23 ± 16 or
around 500 ± 343 / µm2 although a high variability in the number of AMPA-receptors
exists among L4 PSDs as indicated by the SD. This is partially due to the rapid kinetics
and the rate of receptor trafficking including internalization and insertion (for review,
see Groc et al. [2006]). However, these dynamic processes cannot be studied with the
FFR technique. The AMPA-receptor density is comparable to that of the hippocampal
mossy fiber and about half of the density reported for other central synapses such as the
cerebellum (Tanaka et al. [2005]). This variability in receptor distribution indicates that
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the AMPA-receptor occupancy is not uniform across central synapses as hypothesized
previously (Nusser et al. 1997). There is a significant difference in receptor distribution
between shaft (21 ± 13 per PSD or around 376 ± 232 receptors / µm2) and spine (26 ±
19 per PSD or around 625 ± 454 receptors / µm2) L4 PSDs.
Interestingly, spine PSDs show nearly two-fold higher AMPA-receptor density than shaft
PSDs although they are on average ~25% smaller. The excitatory input to L4 neurons
predominantly targeting spine PSDs has a significantly higher AMPA-receptor component
than inhibitory input synapses contacting dendritic shafts. Accordingly, physiological
studies demonstrated that fast excitatory synaptic transmission was mainly mediated
by AMPA-receptors (for review, see Jonas and Spruston [1994]) which further add to
synaptic strength and explain the high reliability at these synapses. Strikingly, the AMPA-
receptor distribution is in contrary to the NMDA-receptor distribution at L4 PSDs. On
shaft PSDs the NMDA-receptors outnumber the AMPA-receptors significantly, resulting
in a dominance of the NMDA-receptor component at these synapses. Spine PSDs are
significantly more occupied by AMPA- than NMDA-receptors suggesting that the fast
excitatory synaptic transmission at spine PSDs is mainly mediated by AMPA-receptors
rather than by the NMDA-receptor. The AMPA-receptor is also distributed over the
entire surface of the PSD, in line with previous findings in the rat organ of corti and the
neostriatum demonstrating that the distribution of the AMPA-receptor is highest halfway
between the center of the PSD (Matsubara et al. [1996]; Bernard et al. [1997]; Kharazia
and Weinberg [1997]). At L4 synapses the receptor distribution seems to represent a
highly dynamic system that at least partially explains the high efficacy at these synapses.
The number of AMPA-receptors highly correlates to the size of the spine PSD (0.6) in line
with findings in the hippocampus and the dentate gyrus that show a high correlation be-
tween the number of AMPA-receptors and the size of the axospinous synapse (Ganeshina
et al. [2004]). Baude et al. [1995] differentiated between the size of the dendritic spines
in the hippocampus and showed that AMPA-receptors densely occupied large spines, but
many smaller spines remained unlabeled in contrast to L4 spine PSDs.
5.2.1 Extrasynaptic labeling of AMPA- and NMDA-receptors
At L4 synapses extrasynaptic AMPA- and NMDA-receptors were observed in close prox-
imity to the PSD. Interestingly, in previous studies both receptors were also found extrasy-
naptically in different brain regions such as the SSC and the hippocampus (Baude et al.
[1995]; Kharazia and Weinberg [1999]; Valtschanoff et al. [1999]). In the hippocampus a
substantial proportion of the total NMDA-receptor pool (~36%) was found at extrasy-
naptic locations (Harris and Pettit [2007]). Receptors permanently move in and out of
the synapse by lateral diffusion and are therefore likely to form receptor pools outside
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the synapse (Bannai et al. [2009]; for review, see Triller and Choquet [2008]). It is still
a matter of debate whether synaptic and extrasynaptic receptors differ in their subunit
composition and their downstream signaling cascade (Harris and Pettit [2007] for review,
see Rao and Finkbeiner [2007]). However, the method used in the present study allows
no conclusion about the physiological properties of the receptors and their molecular ef-
fective systems. AMPA-receptors are thought to be highly mobile at synapses and their
trafficking is determined by endocytosis, exocytosis, and lateral diffusion; key regulatory
mechanisms for synaptic plasticity (for a review, see Derkach et al. [2007]).
5.2.2 Presynaptic labeling of AMPA- and NMDA-receptors
NMDA- and AMPA-receptors were occasionally observed presynaptically, in line with
previous findings in e.g. hippocampus and neocortex (Petralia and Wenthold [1992];
Aoki et al. [1994]; Baude et al. [1995]; Matsubara et al. [1996]; Charton et al. [1999];
Fabian-Fine et al. [2000]). In physiological studies the function of pre- and postsynaptic
function of these receptors was investigated, but the results are still a matter of debate and
controversially discussed. Presynaptic AMPA-receptors are believed to change synaptic
efficacy by enhancing or reducing neurotransmitter release at individual synapses (for
review, see Schenk and Matteoli [2004]). However, their downstream signaling mechanism
remains to be elucidated. Presynaptic NMDA-receptors were reported in the SSC at
ascending L4-L2/3 synapses onto pyramidal neurons in L2/3, but not on horizontally-
orientated connections (Brasier and Feldman [2008]). It is speculated that their role in
synaptic transmission might be through direct depolarization of the presynaptic terminal
or Ca2+-influx into the cell (for review, see Corlew et al. [2008]).
In summary, the results of the present study clearly demonstrated that the structural
geometry and the composition of subelements together with the density and distribution
of glutamate receptors of the AMPA- and NMDA-type underlie the unique functional
characteristics of L4 synapses. These receptors together with the structural parameters
such as the size, number, and distribution of AZs and the size and organization of the
pools of synaptic vesicles are critical factors not only for the induction but also for the
maintenance of synaptic transmission and plasticity. The quantitative 3D reconstructions
and receptor fingerprints of cortical synapses will allow to directly compare structural and
functional aspects of synaptic transmission and plasticity thus leading to a much better
understanding of the function of cortical networks not only in the cortical column of the
neocortex but also in the entire brain.
108
Discussion
5.3 Etiology of schizophrenia
Schizophrenia is a severe neuropsychiatric disorder with a high prevalence of 1-2% world-
wide. An interaction of genetic susceptibility and environmental risk factors appears to
play a key role in the etiology of schizophrenia. It is nowadays established that schizophre-
nia is a polygenic disorder for which risk is determined by a number of genes of small
effect (O´Tuathaigh and Waddington [2010]). Environmental pre- and perinatal events as
well as sociodemographic factors are associated with an alteration of neurodevelopmental
processes and could increase the likelihood of suffering from schizophrenia later in life
(van Os and Marcelis [1998]; Thomas et al. [2001]).
The symptoms are divided into three classes, named positive, negative, and cognitive
symptoms, which usually occur during adolescence or early adulthood. Core impair-
ments regarding the positive symptoms are hallucinations, delusions, and suspicious-
ness/persecution. Negative symptoms consist of symptoms such as social/emotional with-
drawal, anhedonia, lack of spontaneity, and avolition. Cognitive deficits are expressed by
impairments in attention, working memory, and orientation.
5.3.1 PPI in NR1neo-/- mice and pharmacological rescue
In the present study robust abnormalities in PPI of the auditory startle reflex and the
startle response were observed in NR1neo-/- mice. These deficits were expressed by a
reduction in PPI and a significant increase in the startle response when compared to WT
mice. Reduced PPI observed in NR1neo-/- mice reproduces findings in previous studies
(Duncan et al. [2004]; Fradley et al. [2005]; Duncan et al. [2006]; Bickel et al. [2008]).
Likewise, NMDA-receptor antagonists lower PPI, modeling acute psychotic exacerbation
(Mansbach and Geyer [1989]; Mansbach [1991]).
Abnormalities in PPI are also present in schizophrenic patients suggesting that the mu-
tations in the NMDA-receptor of NR1neo-/- mice resemble a phenotype relevant to the
sensorimotor gating deficits occurring in schizophrenia. The acoustic startle reactivity
observed in the NR1neo-/- mice is not exhibited in schizophrenic patients.
The selective GABAB-receptor agonist Baclofen normalized PPI impairments in NR1neo-/-
mice without a significant impact on PPI in WT mice. The ameliorating effect of Baclofen
on PPI-deficits parallels findings of Baclofen treatment in the PCP and MK-801 acute
model of schizophrenia (Arai et al. [2008]). An exaggerated startle response evoked by
these NMDA-receptor antagonists was dose-dependently lowered, probably due to its
muscle-relaxing properties.
A single dose of the atypical antipsychotic drug risperidone increased PPI in NR1neo-/-
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mice, but had no significant effect on the startle response. Duncan et al. [2000] showed
an increase in PPI and a reduction in the startle response in both, NR1neo-/- mice and
WT mice treated with risperidone. These contradictory findings might be explained by
the different doses used in this study. It is speculated that the effects of risperidone on
PPI might be due to its antagonistic action on the dopaminergic system. However, the
exact mechanism remains unclear.
The selective GABAA-receptor- -2,3,5 partial agonist L838,417 ameliorated PPI-
impairments in NR1neo-/- mice, but showed no reduction in the elevated startle response.
This result might be partially explained by its anxiolytic and muscle-relaxant effect (McK-
ernan et al. [2000]; Rowlett et al. [2005]).
5.3.2 LMA in NR1neo-/- mice and pharmacological rescue
NR1neo-/- mice showed significantly increased LMA when compared to WT mice, which
indicates a reduced behavioral inhibition as a result of the NR1 deficiency. This finding is
in line with previous studies reporting an increase in LMA among NMDA hypomorphic
mice. (Mohn et al. [1999]; Duncan et al. [2004]). However, this effect is likely due to
the unfamiliar environment, where animals react with explorative behavior, resulting in a
higher degree of LMA. Ambulation showed no effect of genotype when the mice remained
in their home cage throughout testing (Halene et al. [2009]).
A single dose of the selective GABAB-receptor agonist Baclofen significantly reduced the
high degree of LMA observed in NR1neo-/- mice. Single Baclofen administration also
attenuated stressed-induced increase of LMA in mice (Pokk et al. [2000]).
However, LMA in WT mice trended to be reduced at higher doses of Baclofen in the
present study. Likewise, LMA is lowered in WT Wistar rats by Baclofen-treatment (Pare-
des and Agmo [1989]).
Risperidone normalized the hyperactivity seen in NR1neo-/- mice, but also reduced LMA
in WT mice. Like most atypical antipsychotic it has a dose-dependent sedative compo-
nent that lowers LMA in rodents and other animals (Kumar et al. [2003]; Cope et al.
[2009]). This might partially explain the weight gain observed as a side effect in Baclofen-
treated schizophrenic patients. L838,417 leaves the increased LMA in WT and NR1neo-/-
mice unaltered in parallel with a previous study (McKernan et al. [2000]). Unlike other
benzodiazepine this GABAA-receptor agonist lacks a sedative component.
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5.3.3 Social interaction in NR1neo-/- mice and pharmacological rescue
Impairment in social behavior is a prominent endophenotype in schizophrenic patients
and resembles one of the negative symptoms of the disease. NR1neo-/- mice express a low
level of investigation of a novel stimulus mouse in line with previous findings (Duncan
et al. [2004]; Halene et al. [2009]). The reduced sociability does not seem to be a result
of anxiety-like behavior in these mice (Halene et al. [2009]).
Social avoidance represents a treatment-resistant symptom of schizophrenia and has a
high impact on daily life of schizophrenic patients. Both typical and atypical drugs are
fairly effective in controlling the positive psychotic effects, but less so in respect to the
negative and cognitive symptoms. Only Clozapine is an antipsychotic drug for treating
both positive and negative symptoms in schizophrenia (Kane et al. [1988]; Leucht et al.
[2003]).
Strikingly, a single dose of the metabotropic GABAB-receptor agonist Baclofen normal-
ized the social deficit observed in NR1neo-/- mice. These Baclofen-treated NR1neo-/- mice
increased their level of interaction with a stimulus mouse significantly and abandoned
their social avoidance behavior. Reduced social behavior during alcohol or Diazepam
withdrawal is also normalized with Baclofen treatment (File et al. [1991a]; File et al.
[1991b]).
Baclofen showed no effect on social behavior in WT mice inconsistent with a previous
study that demonstrated an increase in social interaction in these animals (Amikishieva
and Semendyaeva [2007]). Neither risperidone nor L838,417 had a significant effect on
the social behavior in NR1neo-/- mice.
5.3.4 Baclofen: mechanism of action
The detailed mechanism of the Baclofen reversal of the described behavioral impairments
in NR1neo-/- mice is unknown. Based on the results, the efficacy of Baclofen may relate to
its ability to dampen hyperexcitability via pre- and post-synaptic mechanisms. Baclofen
stimulates metabotropic GABAB-receptors which function as presynaptic autoreceptors
to inhibit vesicular release of GABA and activates post-synaptic G-protein-coupled in-
ward rectifiying potassium channels (for review, see Newberry and Nicoll [1984]; Bowery
[1989]; Lüscher et al. [1997]). Together, these mechanisms serve to tonically hyperpolarize
neurons, decreasing resting membrane potential and cell firing (Dutar and Nicoll [1988]).
By reduced intrinsic pyramidal cell excitability and synaptic input into these cells, the
spontaneous firing of the cells is decreased. Likewise, hyperpolarization of pyramidal cells
by Baclofen would be expected to increase stimulus-evoked gamma-band signal due to
the significant negative correlation between pre- and post-stimulus gamma power. Given
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the dysfunction of hippocampal fast spiking interneurons in NR1neo-/- mice, it is specu-
lated that such a reduction in membrane potential of post-synaptic neurons may seek to
amplify the downstream effects of phasic GABA release by these interneurons (Gandal,
unpublished oberservation). A disturbed inhibitory modulation by GABAergic interneu-
rons might count for sensory gating difficulties and problems with learning efficacy (Adler
et al. [1982]). In recent years overwhelming evidence implicated that the impairment in
GABAergic signaling is restricted to a subset of GABAergic interneurons, namely the
parvalbumin-positive fast spiking chandelier and basket cells (for review, see Guidotti
et al. [2005]; Lewis et al. [2005]). Baclofen as a presynaptic inhibitor acts as a high-pass
filter and places the system into a state where released GABA is amplified, due to a
lower resting membrane potential. The efficacy of tonic GABAB-agonists but not phasic
GABAA-agonist like L838,417 suggests that elevated microcircuit noise is the primary
insult following NMDA-receptor hypofunction. Baclofen broadly reduces the likelihood of
a cell firing. In line with these suggestions Frerking and Ohliger-Frerking [2006] showed
that presynaptic inhibition enhances the contrast between background activity and be-
haviorally relevant responses and predicted functional effects at the Schaffer-collateral
synapse as one possible site in the hippocampus during behaviorally relevant activity.
However, the detailed mechanism of the Baclofen action remains to be elucidated and re-
quires further investigation. In summary, Baclofen as a selective GABAB-receptor agonist
improves social functioning in NR1neo-/- mice classified as a treatment resistant negative
symptom of schizophrenia. Therefore, it represents an appropriate, novel therapeutic
target for diseases characterized by NMDA-receptor hypofunction.
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Summary
Summary
Synapses are the contact sites between neurons in the central nervous system and repre-
sent the key elements for synaptic transmission and plasticity within a given connection.
In the present study input synapses terminating on morphologically and physiologically
identified spiny neurons in layer 4 of the “barrel field” of the adult rat somatosensory
cortex were investigated. These neurons play a key role in cortical information process-
ing since they are the main recipients of sensory signals from the rat whisker pad. The
knowledge about structural and functional properties of intra- and translaminar synaptic
connections of layer 4 neurons of the somatosensory cortex has steadily increased. In
contrast, relatively little is known about the structure of cortical synapses terminating
on layer 4 excitatory neurons, in particular their quantitative geometry. Synaptic con-
nections between L4 excitatory neurons, namely between spiny stellate neurons, are one
of the most powerful connections in the neocortex as indicated by a low coefficient of
variation and a very low failure rate. To understand these functional characteristics a
detailed morphological description of those parameters underlying synaptic transmission
and plasticity is an essential pre-requisite. Therefore, structural key elements of synapses
such as the size of synaptic boutons, the number and size of active zones, the struc-
tural correlate of transmitter release sites, and the size and organization of the pool of
synaptic vesicles were obtained from 3D reconstructions based on serial ultrathin sec-
tions and digital electron microscopic images through the dendritic domain of layer 4
excitatory neurons. Furthermore, using Freeze Fracture Replica preparations combined
with postimmunogold-labelling the abundance, density, and co-localization of AMPA- and
NMDA-receptor subunits at these synapses were analyzed and quantified.
Input synapses terminating on dendrites of excitatory layer 4 spiny neurons are rela-
tively small cortical synapse that varied substantially in size and shape. The majority
of synapses contained a large, but a single active zone with a perforated and/or non-
perforated appearance. Most synaptic vesicles were found within a 150 nm perimeter of
the active zone suggesting a relatively large readily releasable and recycling pool. Layer
4 input synapses were ensheathed by a network of astrocytes. Astrocytic processes were
seen to reach the active zones as far as the synaptic cleft. The presence of fine glial
processes at active zones is therefore likely to prevent glutamate spillover and as a con-
sequence synaptic cross-talk. Glutamatergic receptors from the AMPA- and NMDA-type
are present at shaft and spine post-synaptic densities. However, on shaft postsynaptic
densities the NMDA-receptors outnumber the AMPA-receptors significantly, resulting in
a dominance of the NMDA-receptor component at these synapses. Spine postsynaptic
densities are significantly more occupied by AMPA- than NMDA-receptors suggesting
that the fast excitatory synaptic transmission at spine postsynaptic densities is mainly
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mediated by AMPA-receptors rather than by the NMDA-receptor.
The results of the present study clearly demonstrated that the structural geometry and
the composition of subelements together with the density and distribution of glutamate
receptors of the AMPA- and NMDA-type underlie the unique functional characteristics
of layer 4 synapses.
Clinical and experimental evidence suggest a dysregulation of NMDA-receptor function
and glutamatergic pathways in the pathophysiology of schizophrenia. A mouse model
for schizophrenia which only expresses 12% of the NR1-subunit of the NMDA-receptor
was behaviorally characterized and pharmacologically treated with respect to the negative
symptoms of the disorder that are mostly treatment-resistant.
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Zusammenfassung
Synapsen sind die Kontaktstellen zwischen Neuronen im Zentralnervensystem und
repräsentieren die Schlüsselelemente für synaptische Transmission und Plastizität einer
neuronalen Verbindung. In der vorliegenden Arbeit wurden Eingangssynapsen von mor-
phologisch und physiologisch identifizierten exzitatorischen bedornten Sternzellen („spine
stellate“ Neurone) in Schicht 4 des „Barrel“-Felds im somatosensorischen Kortex der adul-
ten Ratte untersucht. Diese Neurone sind von hoher Bedeutung, da sie die erste Station
kortikaler Signalverarbeitung von thalamokortikalen Afferenzen darstellen. Die Kennt-
nisse über die strukturellen und funktionellen Eigenschaften von intra- und translam-
inärer synaptischer Verbindungen der exzitatorischen Neuronen in Schicht 4 haben stetig
zugenommen. Im Gegensatz dazu ist relativ wenig über die Struktur, insbesondere
der quantitativen Geometrie, der kortikalen Eingangssynapsen bekannt. Synaptische
Verbindungen dieser Schicht 4 Neurone sind durch eine hohe Effizienz gekennzeichnet,
welche unter anderem durch die geringe Fehlerrate und dem niedrigen Koeffizienten der
Variation ausgedrückt wird. Zum besseren Verständnis der funktionalen Charakteris-
tika ist eine detaillierte Beschreibung aller Parameter der synaptischen Transmission und
Plastizität von essentieller Bedeutung. Deshalb wurden in der vorliegenden Arbeit struk-
turelle Schlüsselelemente von Synapsen wie die Größe der präsynaptischen Endigung,
die Anzahl und Größe der aktiven Zone, einem strukturellen Korrelat der Transmitter-
Freisetzungsstelle und die Größe und Organisation des „Pools“ von synaptischen Vesikeln
durch 3D-Rekonstruktionen basierend auf seriellen Ultradünnschnitten und elektronen-
mikroskopischen Bildern von Dendriten der exzitatorischen Neurone in Schicht 4 bes-
timmt. Außerdem wurde die Verteilung, Dichte und Ko-Lokalisation der glutamatergen
Rezeptoren vom AMPA- und NMDA-Typ in Immunogold-markierten „Freeze Fracture
Replica“ (Gefrierbruch) Präparaten analysiert und quantifiziert.
Eingangssynapsen der exzitatorischen Neurone in Schicht 4 sind relativ kleine, kortikale
Synapsen, unterscheiden sich aber substantiell in Größe und Form. Die Mehrheit der
Synapsen besitzt eine große, perforierte oder nicht-perforierte aktive Zone. Die meisten
synaptischen Vesikel befinden sich in einem Abstand von bis zu 150 nm von der aktiven
Zone und deuten auf einen relativ großen „readily releasable“ und „recycling Pool“ hin.
Eingangssynapsen in Schicht 4 sind von einem Netzwerk von Astrozyten umgeben. Feine
Fortsätze der Astrozyten ragen bis zur aktiven Zone und verhindern deshalb wahrschein-
lich einen Überschwemmen („spillover“) von Glutamat zu benachbarten Synapsen.
Glutamaterge Rezeptoren vom AMPA- und NMDA-Typ sind an den postsynaptischen
Dichten sowohl der dendritischen Schafts als auch der Spines lokalisiert, unterscheiden
sich in ihrer Verteilung aber signifikant. Die Anzahl der NMDA-Rezeptoren übertrifft die
der AMPA-Rezeptoren am dendritischen Schaft und ergibt eine Dominanz dieser NMDA-
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Rezeptor-Komponenten an diesen Synapsen. An Spines überwiegt der Anteil der AMPA-
Rezeptoren und lässt darauf schließen, dass die schnelle exzitatorische Transmission an
diesen Synapsen hauptsächlich von AMPA-Rezeptoren vermittelt wird wohingegen die
Regulation von Kurzzeit-Plastizität hauptsächlich durch NMDA-Rezeptoren erfolgt.
Die Ergebnisse dieser Arbeiten zeigen, dass die strukturelle Geometrie und die Kom-
position der Subelemente zusammen mit der Dichte und Verteilung von glutamatergen
Synapsen des AMPA- und NMDA-Typs die funktionellen Charakteristika der Neurone in
Schicht 4 erklären.
Klinische und experimentelle Studien demonstrieren, dass eine Fehlregulation der Funk-
tion von NMDA-Rezeptoren und des glutamatergen Signalwegs eine wichtige Rolle in
der Pathophysiologie der Schizophrenie spielen. In der vorliegenden Arbeit wurde ein
Mausmodell für Schizophrenie, das nur 12% der NR1-Untereinheit des NMDA-Rezeptors
exprimiert, hinsichtlich der negativen, behandlungsresistenten Symptome der Krankheit
untersucht.
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